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University of Missouri-Kansas City, 2016 
ABSTRACT  
 Concrete can be a highly durable construction material when permeability is low. 
Hydrating cement paste shrinks through several mechanisms broadly grouped into 
autogenous and drying shrinkage. These mechanisms cause cracks which become high 
permeability routes for water and aggressive ion movement, such as chlorides to reinforcing 
steel. Drying shrinkage can be controlled by appropriate curing methods, however proper 
curing does little to affect autogenous shrinkage, especially in low water-to-cementitious 
ratio (w/cm) systems. Internally supplying additional water, not part of the original mixing 
water, on an as-needed basis to hydrating cement, reduces autogenous shrinkage and allows 
for more complete cement hydration. Reduced autogenous shrinkage minimizes total 
shrinkage and cracking and helps reduce reinforcement corrosion. More complete hydration 
creates a denser cement paste, reducing permeability, and improving durability and 
longevity. Drinking water treatment waste is residue generated from lime softening process. 
Settled sludge particles are dewatered into a semi-dry cake (~50% solids) before disposal. 
The significant cost occurs because natural gas drying is required before reuse, and drinking 
water treatment waste currently deposit as a landfill. Of the characteristic water contained in 
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drinking water treatment waste (DWTW), bond water is easily accessible and may be 
beneficial for concrete internal curing.      
With the increasing attention on CO2 emission, the cement and construction industry 
have been exploring every opportunity to reduce embodied energy and carbon footprint. 
Concrete incorporates many recycled industrial byproducts such as fly ash and blast furnace 
slag which helps reduce the quantity of landfilled materials while reducing CO2. The large 
volume of drinking water treatment waste generated by each metropolitan city has motivated 
many to research possible beneficial usage. Despite the high purity of drinking water 
treatment waste, high moisture content and the associated high energy required to dry out the 
material into a readily usable form have prevented possible beneficial usage from moving 
forward. This research evaluated using the landfilled material in the as is condition for a 
cement replacement with internal curing properties. The results show for high cementitious 
mix, where internal curing is recommended to achieve maximum hydration; up to 10% of 
replacement with drinking water treatment waste can provide equivalent strength, and heat of 
hydration.   
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CHAPTER 1 
INTRODUCTION AND MOTIVATION 
1.1 Introduction 
In this chapter, firstly, the motivation of this work and the problems that this 
research aims to solve will be briefly discussed. Secondly, the scope of work will be presented 
by asking three fundamental questions that would move to solve the problems forward. At last, 
there will be a layout of how this dissertation is structured.  
1.2 Research Motivation 
The modern concrete industry has evolved to obtain properties such as high 
strength, low permeability, high durability; which is called high-performance concrete (HPC). 
The mixture design for HPC typically has a high cement content, low water-to-cementitious 
(w/cm) ratio, with high range water reducer and other specialty admixtures to achieve desired 
workability. However, there is not enough moisture to hydrate all the cementitious particles in 
the system and because of the low permeability, conventional external curing is not effective [1-
4]. As cement particles hydrate in HPC systems, hydrated pore space is considerably smaller 
than for conventional concrete systems. Therefore, the phenomenon called self-desiccation starts 
to accumulate and becomes significant. Consequently at a macro level the physical deformation 
called autogenous shrinkage starts to appear which causes early age cracking [2, 5, 6]. A rather 
recent area of focus, although included for various other purposes through history, is the concept 
of using pores in lightweight aggregates as moisture reservoirs. The concept is that by keeping 
the initial mixing water the same, but providing accessible extra moisture that later during curing 
the moisture can be drawn into the hydrating cement paste to improve hydration and reduce 
autogenous shrinkage. [4-8].  
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The cement industry has a long time reputation of being most energy-
intensive and CO2 emission intensive amongst all manufacturing industries [9-12].  
Consequently, cement is the most expensive component in concrete materials. The practice of 
allowing ground limestone in Portland cement has been around for more than 20 years. The 
Canadian standard has permitted the use of up to 5% ground limestone in Portland cement since 
1980s [15]. The European standards (EN 197-1) allow cement with ground limestone in three 
different replacement levels which are CEM I that contain limestone up to 5%, CEM II/A-L that 
contains 6%- 20%, and CEM II/B-L that contains 21%- 35% ground limestone [16]. The average 
cement that sold in Europe contains from 6% to 35% limestone [17]. There are numerous of 
ongoing studies about quality control of limestone, limestone cement hydration and concrete 
properties with limestone cement [15-17].  
There is a large amount of drinking water treatment waste (DWTW) produced 
annually. Surface water treatment produces large amounts of waste sludge from flocculation and 
filtration processes. The average American uses 80 to 100 gal of treated water each day and 
water treatment processes result in approximately 4% sludge generation as a total of water 
treated [18,19]. Sludge handling is responsible for 30 to 40% of the capital cost of a treatment 
plant, and around 50% of the operating costs [19]. Settled sludge particles are dewatered into a 
semi-dry cake (~50% solids) before disposal and, in 2010, the United States produced 7 million 
metric tons of lime sludge from drinking water treatment (on a dry solid basis) [19]. The 
significant cost occurs because natural gas drying is required before disposal, typically as 
agricultural lime. In many locations, disposal consists of open evaporating pits and there is an 
ever-increasing need for sludge management, disposal, or reuse [19, 20]. 
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The problem of high moisture content for drinking water treatment waste is 
one of the biggest issues that preventing it being beneficially reused [20, 21]. However, the high 
moisture content might make drinking water treatment waste as a possible candidate for using as 
internal curing agent for concrete. Secondly, drinking water treatment waste is a benign material 
with calcite as its main composition, similar to limestone. This research explores the concept of 
using drinking water treatment waste as cement replacement which also possesses internal curing 
properties.  
1.3 Scope of Work  
Hypothesis for this research is that drinking water treatment waste will function as cement 
replacement while providing internal curing benefits. The following three questions are a further 
refinement of the concept.  
1.3.1 Does drinking water treatment waste function as an internal curing agent? 
Chapter 3 answers this question by testing DWTW against other commonly 
accepted internal curing agents such as prewetted lightweight aggregate and a superabsorbent 
polymer. The direct evidence of internal curing effect such as mitigation of autogenous shrinkage 
and effect on degree of hydration were evaluated.  
1.3.2 When using DWTW as an internal curing agent, what is the relationship between moisture 
content, dosage proportion, and concrete properties?  
Chapter 4 addresses different levels of DWTW replacement on the 
effectiveness of reducing concrete early age cracking potential. Different volume stability testing 
included drying and autogenous shrinkage of mortar prism, sealed and unsealed restrained ring 
shrinkage were evaluated. Preliminary durability testing on resistivity, water absorption were 
studied.  
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1.3.3 Can DWTW be used as cement replacement or filler and what is the performance of 
concrete with different level of cement replacement? 
Chapter 5 and Chapter 6 studied using DWTW as a cement replacement in 
cement mortar and in concrete respectively. Chapter 5 focused on study the effect of DWTW in 
cement hydration process in a mortar system. Chapter 6 studied different level of DWTW 
replacement in a high performance concrete system. Cementitious systems included cement, 
DWTW and fly ash. Also Chapter 6 provided preliminary results on some other aspects of the 
effect of DWTW on durability.  
1.4 Objective  
This dissertation intended to verify the feasibility of introducing drinking 
water treatment waste as part of concrete components. The rational outline of this dissertation is 
shown as Figure 1. Chapter 3 and Chapter 4 followed the rationale of the right side of flow chart. 
Chapter 5 and Chapter 6 followed the rational of the left side of flow chart.  
 
Figure 1.1 Rational outline of dissertation  
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Background on Drinking Water Treatment Waste  
EPA defines solid waste as any refuse, sludge from a wastewater treatment 
plant, water supply treatment plant, or air pollution control facility and other discarded material 
including solid, liquid, semi-solid resulting from industrial, commercial, mining and agricultural 
operations. Nearly all human activity leaves behind some kind of waste [1]. Collins and 
Ciesielski estimated that in only 1994 about 4.2 billion tons of non-hazardous by products were 
generated, 2100 million from agricultural sources, 200 million tons from domestic sources, 400 
million ton from industrial sources and 1800 million tons from mineral sources [2].  
The legislation process has been encouraging beneficial use of by-product 
materials. The Federal Resource Recovery Act of 1970 was the first law that encouraged 
recycling, resource recovery and energy recovery of by-product materials. The Resource 
Conservation and Recovery Act (RCRA) that passed on 1976 is the nation primary law 
governing the disposal of solid and hazardous waste [3]. Under the RCRA, sludge from drinking 
water treatment plant is included in Subtitles D: non-hazardous solid waste [3].  Large amount of 
drinking water treatment waste generated each year and are currently disposed as landfill due to 
non-availability of economical usage. The follow section will be focusing on the discussion of 
the volume of drinking water treatment waste, current usage and issues preventing more 
beneficiation.  
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2.1.1 Origin and estimated volume 
Today many of the water treatment techniques used by drinking water plants include 
methods that have been used for hundreds years, such as coagulation, flocculation, 
sedimentation, filtration and disinfections [4]. However, reduced quality of the raw water source 
over time has lead to newer treatment techniques such as reverse osmosis, granular activated 
carbon, and ozone used by some modern drinking water plants [5]. Lime softening is still the 
most common and cost effective method used in water treatment plants, especially for treating 
hardness in water [6]. The basic water treatment process is shown as Figure 2.1. 
 
Figure 2.1 Basic schematic diagram showing the obtaining drinking water treatment waste  
Baker, White, and van Leeuwen (2011) performed a survey on annual lime 
sludge production and existing stockpiles for selected cities in state of Iowa around March 2005 
[6, 8]. Table 2.1 shows a short summary on city population, specific methods for dewatering and 
drying, and dry weight of produced [8]. When using a filter press to dewater the sludge, the 
solids concentration was able to convert from 3% to 50%. The next common method for 
dewatering the sludge is using lagoon to settle the solid and decant the water. Taking City of 
Ames as an example, the average time for sludge retained in the lagoon before its ready to be 
excavated to storage area was about ten months. The mechanisms for storage lagoon were 
 Raw Water 
Water Treatment Process 
Residuals 
Thickening 
Treated Drinking Water to Customer Tap 
Mechanical Dewatering Drying Bed 
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evaporation of water on the surface and infiltration of water into the soil beneath which neither 
mechanism seemed to change the sludge moisture content significantly.  
Table 2.1 Annual lime sludge production and existing stockpiles for selected Iowa cities  
City (in IA) Population  Dewatering 
method 
Drying 
method  
Dry weight 
produced (tons/y) 
Dry weight 
stockpiled (tons) 
Des Moines 400 000 Filter Press Kiln, air dry 30 700 166 000 
Cedar Rapids 128 000 Centrifuge, 
lagoon 
air dry 16 000 10 500 
W Des Moines 52 000 Filter press Kiln, air dry 3600 500 
Ames 50 000 Lagoon air dry 5170 79 000 
Newton 21 000 Lagoon Kiln, air dry 3500 86 000 
Boone 17 000 Lagoon air dry 3300 14 700 
Indianola 13 000 Lagoon air dry 600 6000 
Pella 99 00 Lagoon air dry 1600 9100 
Totals 690 900   64 470 371 800 
 
State of Illinois conducted a survey on wastes from water treatment plant 
within the state 1987 [9]. The survey found the majority of surface water plants use alum (91%) 
for coagulation and lime (93%) for softening or pH adjustment. A majority of the surface water 
plants (70%)  discharge wastes to lagoons or impounding basins. For both surface water and 
ground water plants, the sludge was most commonly disposed of to landfills (60-45%) or used as 
a filling material (40-55%). 40% percent of both type of water plants used landfills on utility-
owned lands and one third of sludge landfills were on private land. The annual cost more than 
two decades ago for sludge treatment for surface water was $0.9 per capita and for ground water 
plant was $2.84 [9]. 
2.1.2 Current beneficial usage opportunities  
The goals of finding certain beneficial usage of drinking water treatment 
waste are to find a way to use this non-hazardous waste which will intern reduce the disposal 
cost and reduce the amount landfilled. The literature review on current beneficial usage of 
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drinking water treatment lime waste focus on utilizing the high Calcium Carbonate content. 
However unavoidable, most of the beneficial usage requires waste sludge in a dry form.  
Yu Xiong et al. studied using lime sludge as subgrade stabilization [10]. 
Unlike commercial hydrated lime, lime sludge is mostly calcium carbonate. The typical 
procedure for determining the optimal lime content for soil stabilization based on pH value was 
found non-applicable for lime sludge. Yu’s results showed lime sludge did not significantly 
improve the unconfined soil strength. However, lime sludge did show the positive effects in 
reducing the plasticity of soil and improved freeze-thaw durability [10].  
Maher et al. performed similar research on utilizing lime sludge and fly ash 
for soil improvement [11]. His research showed when stabilized with fly ash the properties of 
lime sludge as stabilization materials can be significantly improved. However, the lime sludge in 
his research was significantly different from drinking water treatment, because its high specific 
gravity of 3.42 verses specific gravity of 2.62-2.64 from drinking water treatment sludge. Watt et 
al. did a similar study with lime sludge and fly ash for road construction [12]. The mix design 
was 86% aggregate, 11% class D fly ash, 3% lime, and up to 3% sludge solids.  
Also there has been an attempt to used lime sludge for scrubbing NOx and 
SOx for power plants [6].Test showed a significant consumption rate of lime sludge than normal 
limestone consumption. Because of inadequate proper equipment, using lime sludge to reducing 
NOx and SOx needs further research.  
Lin et al. studied using lime sludge and steel making waste slag as a raw 
material for cement manufacturing [13]. Results showed four types of major components of 
Portland cement clinker, C3S, C2S, C3A and C4AF were found in waste-derived clinker. And the 
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waste derived cement was able to produce calcium hydroxide and calcium silicate hydrates 
during hydration process, similarly to ASTM Portland cement [14].  
Feasibility studies such as above, soil stabilization, wastewater neutralization, 
power-plant SOx control and raw feed for cement production all require high solid content and 
low moisture content of drinking water waste lime sludge.  
In overall literature review, there hasn’t been a case, utilizing drinking water 
treatment waste for a beneficial application doesn’t require additional drying process.  
2.2 Background on Internal Curing  
Concrete goes through volume change can start from mixing, placing, 
hardening and in service. Concrete is strong in compression but weak in tension. Whenever the 
tension exceeds the tensile strength, concrete experiences dimensional changes which appear as 
cracking. The early age cracking is related to capillary tension when cement paste first 
experiences tension. Capillary tension is created from the menisci between the two particles 
experiencing drying where the rate of evaporation is greater than the rate of bleeding. The 
capillary tension follows the Kelvin-Laplace equation which is shown as follow: 
𝜎𝑐𝑎𝑝 =
2𝛾 cos𝛼
𝑟
=
− ln(𝑅𝐻)𝑅𝑇
𝑉𝑚
  (2.1) 
Where 𝜎𝑐𝑎𝑝 is the capillary tension (Pa), 𝛾 is the surface tension of the pore solution (N/m), 𝛼 is 
the contact angle between the pore solution and the capillary pore walls, 𝑉𝑚 is the pore solution 
molar volume (m
3
/mol), 𝑟 is the meniscus radius (m), RH is the relative humidity, R is the 
universal gas constant [8.314 J/(mol K)], T is the absolute temperature in K.  
2.2.1 Concrete dimensional changes in early age and internal curing mechanism 
Severe plastic shrinkage cracking can happen while concrete still plastic. 
Plastic shrinkage is depended on the rate of evaporation, and initial water content of concrete. 
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When evaporation rate exceed the rate of bleeding water arrives to the surface, capillary tension 
raises due to surface drying can cause plastic shrinkage. This can be prevented by prolong moist 
curing and membrane surface treatment. If concrete is placed in high evaporation environment 
such as high wind velocity, high concrete temperature and low relative humidity, increase pore 
solution surface tension can be achieved by addition of shrinkage reducing admixture.  
Chemical shrinkage is referring where the volume of hydration products is 
less than the reactants. The space previously occupied by water is instead occupied with a 
smaller volume of hydration products, therefore a network of capillary pores have been created. 
For concrete with high cement content and low w/cm ratio, there is not enough water to provided 
complete hydration to start with, and low permeability prevents moisture movement. The 
network of capillary pores depercolate and stay empty with low relative humidity. These process 
is called self-desiccation where concrete dries from inside. Recent research showed self-
desiccation is responsible for the autogenous shrinkage of cement based materials [15-19].    
Internal curing is a strategy to mitigate autogenous shrinkage by mitigate the 
magnitude of self-desiccation. Internal curing mechanism works by increasing internal relative 
humidity throughout the entire system and does not affect the w/cm ratio of the mixture. By 
utilizing internal curing methods, the capillary tension is significantly reduced therefore reducing 
the autogenous shrinkage cracking.  
2.2.2 Materials and method for internal curing 
There are certain requirements for being able to be considered as internal 
curing agent. First of all, such materials have to be able to reserve water either through 
physically adsorbed water such as water in superabsorbent polymer (SAPs) or physically held 
water in prewetted lightweight aggregate [17]. These material also must withhold water before 
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and during the mixing, eventually being able to release the water when the surrounding relative 
humidity decreases to provide a continuous cement hydration. Internal curing agents also 
preferably distribute evenly throughout the entire system. The most studied and commonly used 
internal curing agents are superabsorbent polymer and prewetted lightweight aggregate [16, 17, 
24, 25].  
A superabsorbent polymer (SAP) is a polymeric material which can absorb 
significant amount of liquid from surrounding without dissolving. There is a range of absorbency 
for commercially available SAP depends on the surrounding liquid. SAP can absorb water as 
much as 5000 time of its own weight; absorb 50 g/g in diluted salt and can absorb 20 g/g in high 
alkaline solution such as cement paste [21]. The absorption mechanism is based on secondary 
chemical bonds; therefore water is considered loosely bond bulk water [21].  
Jensen and Hansen did extensive initial studies of SAP effect on autogenous 
shrinkage reduction [20, 21]. Their studies used an isothermal environment at 20°C and the 
particle size of SAP were around 200 um. W/cm ratio was fixed at 0.3. They found with addition 
of 0.3% and 0.6% SAP can mitigate autogenous shrinkage significantly and even induced some 
expansion [21].  
Igarashi et al. did research on the effect of SAP in concrete. The study was set 
on w/cm ratio at 0.25 [22]. They evaluated both autogenous shrinkage and uniaxial restrained 
shrinkage. The results showed both autogenous shrinkage and restrained shrinkage were reduced, 
and concrete with 0.7% SAP showed no tensile stress under restrained condition. 
Lightweight aggregate was being used as internal curing agent due to the high 
porosity. Pre-wetted lightweight fine aggregate have been undergoing vacuum saturation for 
prolong period of time to reduce the potential for absorbing mixing water and reducing slump. 
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Complete saturation is important to avoid offset effect such as mixing water going into the pore 
of lightweight aggregate instead of being used in hydration process [23]. There are a few more 
steps when proportion prewetted lightweight aggregate as internal curing agent in concrete than 
using SAP as internal curing agent. The well-established equation was shown as follow [24]:  
LWA
f
LWA
S
CSC
M



max
 (2.2) 
Where: Cf is the cement content, CS is the chemical shrinkage of the cement, max  is the 
expected degree of hydration, S is the degree of saturation of the aggregate, and LWA  is the 
absorption of the lightweight aggregate. 
Numerous studies have been performed on different aspect of using prewetted 
lightweight aggregate as internal curing agent [16, 17, 23-29]. Different aspect need to be 
considered for prewetted lightweight aggregate included the degree of saturation, replacement 
rate, the size of particles [17]. These factors can differentiate the effectiveness of prewetted 
lightweight aggregate as internal curing agent.  
All the studies agreed on when introducing prewetted lightweight aggregate, a 
fully saturated condition is preferable for providing an appropriate internal curing for hydration 
system [16, 23, 25].  
When choosing the particle size for prewetted lightweight aggregate, several 
studies found the finer size of aggregate is more effective than the coarser size of aggregate when 
the IC agent content were the same [17, 23]. Regarding to replacement rate of prewetted 
lightweight aggregate, the greater the replacement rate the more effective on autogenous 
shrinkage reduction. However, the higher replacement rate can be detrimental for mechanical 
properties such as compressive strength. The purpose of using internal curing agent is reducing 
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cracking that caused by autogenous shrinkage, without any weaken concrete strength [24, 27, 
28].  
2.3 Background on Interground Limestone and Mineral Fillers 
Since 1970s, the practices of using supplementary cementitious materials 
(SCMs) in concrete mixture have been growing significantly in North American [30]. Not only 
because most of SCMs are industry byproducts and sustainable to reuse, but also SCMs have 
been proven improving concrete durability and lowering permeability.   
Supplementary cementitious materials are materials have hydraulic properties 
or pozzolanic activities or both. A hydraulic material reacts with water chemically and form 
cementitious products; whereas a pozzolanic material reacts with calcium hydroxide which is a 
hydration product from Portland cement [30]. A pozzolanic material is mostly siliceous or 
aluminosiliceous, whereas hydraulic materials has higher percentage of CaO content. A typical 
CaO-Al2O3-SiO2 phase diagram of cementitious materials is shown as Figure 2.2 (a) [31]. Class 
C fly ash and most of slag are considered hydraulic materials. Figure 2.2 (b) shows schematically 
the hydrate phases formed in the CaO-Al2O3-SiO2 system. At early stage of hydration, filler 
effect of SCMs play a major role on increasing the reaction of clinker phases. SCMs starts 
chemically react later on and reactivity typically enhanced with pH and temperature [31]. From 
Figure 2.2 (b) is shown, the hydration products phase assemble changes while SCMs was used as 
a substitute for Portland cement. Interground limestone is considered mostly as nucleation 
provider. There were few studies had found the hydration products phases assembles changed 
with increasing calcite addition [38-44]. The rest of this chapter covers the current research on 
interground limestone and limestone as mineral filler.  
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Figure 2.2 CaO–Al2O3–SiO2 ternary diagram of cementitious materials, B) hydrate phases 
in the CaO–Al2O3–SiO2 system. Note that in the absence of carbonate or sulfate, C3AH6 will 
be more stable than the AFm phases. [45] 
2.3.1 Effect on physico-chemical properties 
Particle size distribution of one ingredient is highly influenced by the 
grindability of the others [32]. Material that is harder to grind is more prone to stay concentrated 
in the coarser fractions, whereas a material that is easy to grind tends to stay concentrated in the 
finer fraction [33]. Limestone consumes much less energy to grind comparing with cement 
clinker because it must be ground finer to produce equivalent strength. Portland limestone 
cements have higher average Blaine fineness than OPC [32]. The broader particle size 
distributions have a beneficial effect on properties such as bleeding, workability, water demand 
and setting time, etc. [33, 34]. Schiller and Ellerbrock showed OPC with the same specific 
surface harden faster but have higher water demand, because the narrower particle size 
distribution [32]. In the study, Portland limestone cement made with interground and blended 
were both studied. Numerous studies concluded that Portland limestone cement improved the 
workability and lower water demand due to the broader range of particle size distribution [33-
37]. 
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Ground limestone in Portland cement has been generally considered as an 
inert filler. Some research has shown ground limestone may have certain effects on cement 
alumina bearing phases in hydration process and few research showed ground limestone have an 
effect on C3S [37]. When ground limestone is present, calcium carboaluminate hydrates 
precipitate during hydration [38, 39, 40]. During the formation of ettringite, if there is 
insufficient sulfate ions present, carbonate ion can substitute sulfate and form monocarbonate 
[41, 42]. For the effect on silicate bearing phases, there were evidence of calcium carbonate 
accelerated the hydration of C3S and modified the Ca/Si ratio of C-S-H [43, 44]. 
2.3.2 Effect on mechanical properties 
Hawkins studied interground portland limestone cement with 0-8% limestone 
content with similar Blaine fitness, and showed portland limestone give comparable strength 
[33]. In Schmidt’s studied, 5% to 10% limestone addition did not show a negative effect on 
concrete strength [45]. For high percentage limestone addition, study from Sprung and Siebel 
showed large percentage (15% to 25%) replacement significant reduced concrete compressive 
strength, and limestone more acted like a dilution [46]. For compressive strength, Tsicilis 
summarized “…that the appropriate choice of clinker quality, limestone quality, % limestone 
content and cement fineness can lead to the production of a limestone cement with the desired 
properties” [47]. In cement production industry, a minimum of 90% calcium carbonate content 
has to be present for interground limestone raw materials. For tensile and flexural strength, 
various studies showed no significant difference in the tensile and flexural strength with portland 
limestone that produced to meet equivalent performance as OPC [48].  
Bucher et al. studied cement with 0, 5, 10% limestone shrinkage performance 
[49]. The study concluded that the cement mortar with portland limestone cement showed 
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slightly reduced shrinkage and a lower cracking tendency compared with similar mortar with 
OPC. Bentz further concluded that these shrinkage differences were related to particle size 
distribution and the impact may be greater with coarser limestone [50].  
2.3.3 Effect on concrete durability 
Tsivilis et al. did a series of studies on interground limestone cement effect on 
permeability and chloride resistance [47, 51]. He concluded there was no effect by the presence 
of limestone up to 15% in cement for concrete porosity, but porosity increased when limestone 
exceeded 15% content. In the second study, he evaluated five cements with limestone content 
range from 0 to 35%. There were little effect on rapid chloride permeability test with limestone 
content up to 15 – 20%, a negative effect when limestone content up 35%.  
Room temperature sulfate resistance is following the theory of C3A dilution, 
with interground limestone addition, overall C3A content of the cementitious decreases. 
However, Soroka and Setter found the fineness of the limestone was also important. Over long 
periods of exposure, the intensity of cracking appeared on portland limestone cement was the 
same as control specimen [52].  
For sulfate resistance, the studies typical divided into normal temperature 
sulfate attack mechanism and lower temperature “Thaumasite” formation sulfate attack 
mechanism (TSA). Thaumasite formation type of sulfate attack had been extensive studied 
during few years [54, 55]. Thaumasite formation is highly susceptible while concrete contains a 
source of carbonate ions; and only present when concrete exposed to sulfate at a lower 
temperature (e.g 5°C). Thaumasite formation is different from typical sulfate attack is instead of 
attacking calcium aluminate phases; sulfate ions consume calcium silicate hydrate (C-S-H) with 
results of losing cohesion of the binder. Cases had been found in Europe where portland 
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limestone have been used for 25 or more years [53]. Tsivilis et al. did a long term TSA study 
with cement had 6.7% C3A with interground limestone 15% and 30%. Addition sets on SCM 
effect for mitigation TSA, several of SCM were used with 15% limestone cement. After 11 
months, 30% limestone sample showed the most expansion and spalling, followed by 15% 
limestone sample. However, no sign of cracking for control group. After 5 yr, samples with 15% 
and 30% limestone were completely disintegrated and control group showed sign of spalling and 
excessive cracking. Thaumasite was found in all the samples [55]. The current guideline for 
preventing TSA is lower w/cm ratios, using low C3A content cement, and sufficient cement 
factor; also with the usage of SCM can reduce the risk of TSA [53-55]. Continuous with the 
practice similar to mitigate sulfate resistance, portland limestone cement is just prone to 
Thaumasite formation at lower temperature.  
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CHAPTER 3 
USING DRINKING WATER TREATMENT WASTE AS A LOW COST INTERNAL 
CURING AGENT FOR CONCRETE 
ABSTRACT: 
This paper presents results from a preliminary study which investigated the 
potential of using drinking water treatment waste sludge as an internal curing agent for concrete. 
The concept consists of using the high water content, primarily calcium carbonate material as a 
concrete admixture. Two other commonly utilized internal curing agents, pre-wetted lightweight 
fine aggregate and a superabsorbent polymer were investigated as a comparison. Cement mortars 
were tested for compressive strength, degree of hydration, and shrinkage. Micrographs of 
mortars containing the three different internal curing agents were compared visually to evaluate 
the distribution of internal curing agents and relative hydration. Results show drinking water 
treatment waste is an effective internal curing agent improving cement hydration, compressive 
strength, and mitigating autogenous shrinkage.  
Keywords: Internal curing, curing agent, compressive strength, degree of hydration, shrinkage, 
scanning electron microscopy 
3.1 Introduction  
Concrete can be a highly durable construction material when permeability and 
cracking are low. Durability cracking, alkali silica reaction, freeze-thaw deterioration, 
carbonation, reinforcement corrosion, and many other premature distresses are directly affected 
and exacerbated by high cement paste permeability and cracking
1, 2
. Hydrating cement paste 
shrinks through several mechanisms broadly grouped into autogenous and drying shrinkage
3
. 
These mechanisms cause cracks which become high permeability routes for water and aggressive 
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ion movement, such as chlorides to reinforcing steel. Drying shrinkage can be controlled by 
appropriate curing methods, however proper curing does little to affect autogenous shrinkage, 
especially in low water-to-cementitious ratio (w/cm) systems
4
. Internally supplying additional 
water, not part of the original mixing water, on an as-needed basis to hydrating cement, reduces 
autogenous shrinkage and allows for more complete cement hydration. Reduced autogenous 
shrinkage minimizes total shrinkage and cracking and helps reduce reinforcement corrosion. 
More complete hydration creates a denser cement paste, reducing permeability, and improving 
durability and longevity. The National Institute for Standards and Technology (NIST) has stated 
that “it appears that internal curing has the potential to make a substantial impact on the 
durability and lifecycle costs of concrete structures” 5. 
3.1.1 Background on Internal Curing Agents 
The two most common materials used for internal curing of concrete include, 
pre-wetted lightweight fine aggregates (LW) and superabsorbent polymers (SAP)
5, 6, 7, 8
. 
Lightweight aggregates are high absorption, high porosity materials and commonly include 
expanded shale, clay, and slate. For internal curing purposes, pre-wetted lightweight fine 
aggregates have shown more benefit than coarser materials due to a better distribution of 
moisture throughout the hydrating cement paste. Moisture in the lightweight aggregate is 
physically held by capillary force and released when hydrating paste falls below critical 
saturation. However, the degree of saturation in lightweight aggregate and moisture management 
can be problematic
5
. Dry or under-saturated lightweight aggregate may take up water from the 
mixture and impact workability. Superabsorbent polymers are typically crystalline salts, which 
can absorb significant amounts water without dissolving
9
. For commercially available SAP, the 
absorbency is generally below 2000%
10
. SAP absorb water and then act as bulk water reservoirs 
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during hydration, releasing the stored water once the internal humidity fall below a critical level
9
. 
The high pH of the fresh concrete paste can significantly reduce SAP absorption compared to 
values observed for pure water. Whereas the water stored in the internal pores of LW does not 
impact the mixture, SAP absorption and swelling will impact workability
6
. The swelling of the 
SAP can act as a viscosity modifier and may result in slight water reduction
11, 12
. Since the 
current internal curing agents must be manufactured and have special handling considerations, 
the cost of concrete with these agents will be greater than conventionally-cured mixtures.  
3.1.2 Background on Drinking Water Treatment Waste  
A majority of the US population uses surface waters as a drinking water 
source. Surface water treatment produces large amounts of waste sludge from flocculation and 
filtration processes. The average American uses 80-100 gallons (0.3-0.37 m
3
) of treated water 
each day and water treatment processes result in about 4% sludge generation as a total of water 
treated
13, 14
. Sludge handling is responsible for 30-40% of the capital cost of a treatment plant, 
and around 50% of the operating costs
14
. Settled sludge particles are dewatered into a semi-dry 
cake (~50% solids) before disposal and in 2010, the U.S. produced 7 million metric tons of lime 
sludge from drinking water treatment (on a dry solid basis)
15
. The significant cost occurs because 
natural gas drying is required before disposal, typically as agricultural lime. In many locations 
disposal consists of open evaporating pits and there is an ever-increasing need for sludge 
management, disposal or reuse. 
Through the water treatment process, the particles in the solid sludge are 
seldom dispersed and instead form into agglomerations called flocs
14
. The water contained in 
sludge is divided into two categories: bulk water and bond water
16
. Bulk water can be drained 
and relatively easily removed compared to the bond water. Bond water includes interstitial water, 
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vicinal water, and water of hydration
17
. Interstitial water is water trapped in the interstitial spaces 
of the flocs which can become free water when the flocs structure is destroyed; vicinal water 
consists of multiple layers of water molecules held to the particle surface through hydrogen 
bonding; water of hydration is the water chemically bond to the particles and can only be 
removed by thermal drying
16, 17, 18
. Of the characteristic water contained in drinking water 
treatment waste (DWTW), bond water is easily accessible and may be beneficial for concrete 
internal curing.      
3.2 Research Significant 
This paper presents preliminary research to investigate the potential of using 
waste material from drinking water treatment operations as an internal curing agent in concrete. 
Low water-to-cement ratio concrete mixtures are highly susceptible to early age cracking from 
autogenous shrinkage. Internal curing is beneficial for concrete and mitigates early age cracking 
and increases the overall degree of cement hydration. Water treatment operations produce large 
amounts of waste sludge from flocculation and filtration. The flocculation process produces a 
material containing large amounts of water which is difficult for industry to remove, causing 
high transportation and disposal costs. However, the high moisture content makes drinking water 
treatment waste (DWTW) a good candidate for internal curing of concrete.  
3.3 Experimental Investigation  
The experimental plan was designed to determine 1) if DWTW behaves as an 
internal curing agent in concrete, and 2) are the internal curing benefits provided by DWTW 
similar to commonly utilized materials? The investigated experimental plan included three 
different internal curing agents: pre-wetted light weight fine aggregate (LW), a superabsorbent 
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polymer (SAP), and DWTW. Experimental factors included internal curing dosage and impacts 
of relative humidity (RH) on curing.   
3.3.1 Materials 
The cement used in this study was ordinary portland cement (OPC) 
conforming to ASTM C150 Type I
19
. The OPC had a Blaine fineness of 373 m
2
/kg and a Bogue 
composition of 55% C3S, 17% C2S, 8% C3A, 10% C4AF. The DWTW used in the study was 
light grey in color and had the consistency of damp soil. The material had been dewatered to the 
as-tested condition and landfilled. The as-received moisture content was 54% on a dry weight 
basis and specific gravity was 2.41 tested with a helium pycnometer. Chemical composition 
using x-ray florescence (XRF) showed high calcium content and low contents of silicon, 
magnesium and aluminum, which are shown in Table 3.1. X-ray diffraction (XRD) showed 
calcite, quartz and magnetite were the main crystalline components and are shown in Fig. 3.1. 
Scanning Electron Microscopy (SEM) showed conglomerations of calcium carbonate platelets 
ranging from 10 to 100 µm (Fig. 3.2). Graded standard sand was used as fine aggregate in the 
mortars and met requirement for ASTM C 109 and C778
20, 21
. The pre-wetted lightweight fine 
aggregate was expanded shale from New Market, MO, had a dry specific gravity of 0.84, density 
of 47 lb/ft
3 
(753kg/m
3
). The material was vacuum saturated to the tested moisture content of 15%. 
The superabsorbent polymer (SAP) used was partial sodium salt of cross-linked polypromancic 
acid and had absorption rated at 2000 times in pure water. This SAP has been previously shown 
effective as an internal curing agent
22, 23
. A polycarboxylate high range water reducer was used 
which met ASTM C494 specification for Type A and Type F admixtures
24
.  
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Table 3.1–Chemical composition of DWTW 
 DWTW 
Specific gravity 2.41 
Loss of ignition, % 42.59 
CaO, % 43.93 
SiO2, % 5.84 
MgO, % 4.24 
Al2O3, % 1.55 
Fe2O3, % 0.78 
SO3, % 0.31 
K2O, % 0.20 
P2O5, % 0.10 
*
Wt% < 0.1 are not listed] 
 
Fig. 3.1 X-ray diffraction Image of DWTW 
   
Fig. 3.2 SEM Images of DWTW (a) Particles with different size range, (b) Close image of 
single particle  
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3.3.2 Specimen Preparation and Testing Methods 
Standard 2 in. (50mm) mortar cubes were tested for compressive strength 
according to ASTM C109, and for degree of hydration testing
20
. Cement mortar prisms with 
dimensions of 1 in. (25mm) by 1 in. (25mm) by 11 1/4 in. (285mm) were used for drying 
shrinkage (ASTM C596) and autogenous shrinkage 
25
.  
After placement, samples were sealed and cured at standard conditions of 
75 °F (23°C)
20
. Specimens were demolded after 24 hours and cured at one of three relative 
humidities (RHs) which were 25%, 50%, and 100%. Degree of hydration and compressive 
strength testing was determined at 7 and 28 days.  
Degree of hydration was determined by measuring the weight of non-
evaporable water lost between 212°F (100°C) and 1,742°F (950°C)
26, 27
. A general expression for 
degree of hydration is shown in Eq. (1). Loss on ignition (LOI) was first measured on the 
unhydrated cement, standard sand, DWTW, and LW. The individual LOIs were first subtracted 
from the tested value before determining DOH as shown in Eq. (3.2).  
c
w
c
w
t
n
sample
samplen
0
,
)(     (3.1) 
DWTWcementsamplesamplen LOILOILOIw ,  (3.2) 
Where α(t) is degree of hydration at time (t), 
samplenw ,  is non-evaporable water loss of only the 
hydrated cement or hydrated cement and DWTW, Csample is the cement content by mass of the 
ground specimen determined from the volumetric mixture proportions, and 
c
wn
0
is the theoretical 
amount of water in g/g to fully hydrate the cement. For the purpose of degree of hydration 
calculations presented herein, 0.25 g water/g cement was used throughout
26, 27, 28
.  Type I cement 
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was used in this study which contained less than 5% limestone interground with the cement 
clinker. LOI of the cement was measured as 0.022 g/g cement. LOI of the DWTW was measured 
as 0.406 g/g DWTW, which was expected due to the high carbonate content. Neither the 
standard sand nor lightweight sand had appreciable LOI. At the desired testing age, a profile 
grinder was used to powderize material from a representative cross section of the cube 
specimens. Mass of the samples was recorded to the nearest 0.001g. Samples were first placed in 
an oven for 24 hours at 212°F (100°C). Mass was recorded before igniting at 1,742°F (950°C) 
for 4 hours. Samples were cooled in a desicator to room temperature prior to final LOI 
determination. 
Autogenous shrinkage was measured according to ASTM C596 with the 
exception that samples were sealed with wax after demolding at 1 day. Mass change of the 
autogenous samples was monitored over time to ensure no evaporative losses occurred. The mass 
loss of each autogenous shrinkage prism was less than 0.097%.  
All data represents an average of three samples for cubes for compressive 
strength and four prisms for total shrinkage and autogenous shrinkage. Drying shrinkage was 
calculated by subtracting the average of autogenous shrinkage from the average of total 
shrinkage at each age for each group. All the error bars in the figures present the standard error 
of each group of data. The coefficient of variation (COV) in the measured compressive strength 
and degree of hydration was determined to be less than 15% for all groups of data. Data was 
compared using student’s t-tests with p<0.005 used for significant effects.  
3.3.3 Mixture proportioning 
The mixture designs are shown in Table 3.2 with the mixture proportions 
shown in Table 3.3. A polycarboxylate high range water reducer was used to achieve the desired 
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consistency for the control mortar, which was a flow of 110±5% from 25 drops of the flow table. 
Nomenclature used is as follows: portland cement control mortar (PC), portland cement mortar 
containing superabsorbent polymer (SP), portland cement mortar containing pre-wetted 
lightweight fine aggregate substituted for a portion of the standard sand (LW), and portland 
cement mortar containing DWTW substituted for a portion of the standard sand (WT). The 
numbers following by the alphabetic descriptors represent the amount of additional internal 
curing water provided by the different agents.  
Table 3.2–Mortar mixture designs 
Designation W/C SAP 
(%) 
LW 
(%) 
DWTW 
(%) 
Internal Curing Water  
(water (g)/cement (g)) 
PC-0 0.3 - - - 0 
SP-0 0.3 0.125 - - 0 
SP-0.054 0.354 0.125 - - 0.054 
LW-0.054 0.3 - 2.38 - 0.054 
WT-0.054 0.3 - - 0.98 0.054 
Note: % by weight 
 
Table 3.3– Mortar Mixture Proportion, lb/yd3 (kg/m3) 
Materials OPC SP-0 SP-0.054 LW-0.054 WT-0.054 
Cement  1375 (638) 1375 (638) 1375 (638) 1375 (638) 1375 (638) 
Sand   2682 (1591) 2682 (1591) 2682 (1591) 2618 (1553) 2656 (1576) 
PLWA  – – – 64 (38) – 
DWTW  – – – – 27 (16) 
SAP oz/cwt(g/100kg) – 2 (127) 2 (127) – – 
Water  322 (191) 322 (191) 381 (226) 322 (191) 322 (191) 
 
The amount of additional internal curing water selected for comparison across 
treatments was fixed at 0.054g water/g cement. The value of 0.054 has been recommended by 
RILEM as the optimum amount for internal curing with SAP
7
. The optimum dosage of LW for 
internal curing is based on the amount of water contained in the aggregate to satisfy chemical 
shrinkage. Bentz et al. have presented an equation for determining the required amount of 
lightweight aggregate as a function of cement content, expected degree of hydration, chemical 
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shrinkage, and amount of moisture contained in the lightweight aggregates
5, 29
. While all 
materials used in this study were dosed to achieve the additional 0.054 g water/g cement, 
optimum dosage of LW and presumably DWTW using the Bentz equation would require 0.076 g 
water/g cement. Based on this optimum dosage, 30% more internal curing water would be 
required for the best performance of the DWTW and LW used in this study.   
3.4 Experimental Results and Discussion 
3.4.1 Compressive strength 
Fig. 3 shows the compressive strength results for the samples cured in lime-
water (100% RH). Mixtures containing SAP without any additional internal curing water (SP-0) 
had similar strength to the control at all ages. Both the SAP mixture with additional water (SP-
0.054) and the lightweight aggregate mixture (LW-0.054) had lower strength than the control. 
There were no differences between SP-0.054 and LW-0.054 at either age. The decreases in 
strength were expected since the lightweight aggregate is weaker than the standard sand it 
replaced and, the extra water provided for the SAP resulted in a correspondingly larger number 
of voids. What was not expected for the saturated conditions was the increase observed for the 
DWTW mixture. The mixture WT-0.054 had 8% and 7% increases in compressive strength 
compared with control mixture at 7 and 28 days, respectively.  
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Fig. 3.3 Measured compressive strength for mortars cured under 100% RH condition 
(Note: 1 psi=6.89*10¯
3
MPa, error bars represent standard error) 
 
Fig. 3.4 Measured compressive strength for mortars cured under sealed condition  
(Note: 1 psi=6.89*10¯
3
MPa, error bars represent standard error) 
 
Fig. 4 shows the compressive strength results of the samples cured under 
sealed conditions. At 7-days the sealed specimens had roughly half of the compressive strength 
of the 100% RH specimens. All of the internally-cured specimens had higher average strength 
than the control at both 7 and 28 days. The mixtures containing extra internal curing water (SP-
0.054, LW-0.054, and WT-0.054) all had similar strength gains. At 28 days, mortar containing 
SAP without IC water (SP-0) had the highest compressive strength. Assuming that the SAP 
absorbed some of the original mixing, SP-0 had effectively the lowest water-to-cement ratio. 
Overall, using DWTW as alternative internal curing agent showed a positive effective on mortar 
compressive strength, in both curing conditions with similar performance to SAP and LW. 
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3.4.2 Degree of hydration 
Degree of hydration was evaluated for samples cured under three relative 
humidities at 3, 7, and 28 days. The statistical analysis of results across all mixtures and 
humidities are shown in Table 3.4. Fig. 3.5 compares degree of hydration of mortars cured under 
50% RH.  
Table 3.4–Statistical comparison of degree of hydration cured for different groups for all 
curing conditions at 28 days  
Mixture RH PC-0 SP-0 SP-
0.054 
LW-
0.054 
WT-
0.054 
PC-0 25% 
50% 
100% 
– <0.001, 
<0.001, 
0.015 
<0.001, 
<0.001, 
<0.001 
0.002, 
0.010, 
0.034 
<0.001, 
0.253, 
0.019 
SP-0 25% 
50% 
100% 
<0.001, 
<0.001, 
0.015 
– 0.020, 
0.878, 
0.003  
0.281, 
0.017, 
0.655 
0.016, 
<0.001, 
0.905 
SP-0.054 25% 
50% 
100% 
<0.001, 
<0.001, 
<0.001 
0.020, 
0.878, 
0.003 
– 0.002, 
0.022, 
0.002 
0.920, 
<0.001, 
0.003 
LW-0.054 25% 
50% 
100% 
0.002, 
0.010, 
0.034 
0.281, 
0.017, 
0.655 
0.002, 
0.022,  
0.002 
– 0.002, 
0.088, 
0.743 
WT-0.054 25% 
50% 
100% 
<0.001, 
0.253, 
0.019 
0.016, 
<0.001, 
0.905 
0.920, 
<0.001, 
0.003 
0.002, 
0.088, 
0.743 
– 
Note: Critical level is 0.005, bold and underlined are statistically significant. 
 
Fig. 3.5 Comparison of degree of hydration calculated from all groups at different age 
cured at 50%RH(Note: Error bars represent standard error) 
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As expected, mortars at later age had higher degrees of hydration. The rate of 
degree of hydration gain slowed from 7 days to 28 days, due to cement hydration process 
changing into a diffusion-controlled reaction
30
. At 3 days, mortar containing SAP and with 
additional IC water (SP-0.054) showed significantly higher degree of hydration (DOH) than all 
other mortars, potentially indicating that the water held by the SAP is more readily drawn into 
hydrating paste than the water held within the pore spaces of the LW and DWTW. There was no 
statistical difference between any of the other mixtures with the average DOH around 20% at 3 
days. At 7 days, mortars with additional internal curing water (SP-0.054, LW-0.054, WT-0.054) 
and mortar containing SAP without IC water (SP-0) showed over a 13% DOH increase 
compared to the control mortar (PC-0). There was no significant difference between SP-0, SP-
0.054 and LW-0.054. However at 7 days, mortar containing DWTW showed the highest DOH of 
all groups, which resulted in a 24% DOH increase compared to the control and a 7% DOH 
increase compared to the other internal curing agents. At 28 days, DOH of all groups achieved 
over 45%. Mortars containing SAP with and without IC water (SP-0, SP-0.054) showed the 
highest DOH with no difference between the two. Mortar containing LW lightweight fine 
aggregate (LW-0.054) had second highest DOH and had 4% DOH increase above mortar 
containing DWTW (WT-0.054). LW-0.054 had greatest DOH increase between 7 days and 28 
days, followed by WT-0.054.   
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Fig. 3.6 Comparison of degree of hydration calculated from all groups cured under 
different RH at 28 days  
 (Note: Error bars represent standard error) 
 
Fig. 3.6 shows the difference on DOH between curing conditions at 28 days. 
As expected, the higher the relative humidities (RHs) resulted in higher of degrees of hydration.  
Generally, at 100% RH under saturated conditions the internal curing agents had little effect, 
which would be expected. At the lower relative humidity of 25%, the aggregate-based materials 
(LW, DWTW) performed better than at 50% RH. The SAP mixtures performed well at all 
humidities, which would be expected since the internal curing dosage rate was fixed at 
recommendations for SAP. Specifically, at 25% RH curing condition, mortar containing SAP 
and IC water (SP-0.054) and mortar containing DWTW (WT-0.054) showed a significant 12% 
increase compared to the control mortar (PC-0). There was no difference in DOH between SP-
0.054 and WT-0.054, however, there was difference in DOH between SP-0.054 and LW-0.054, 
even though both LW-0.054 and WT-0.054 were not dosed at the optimum internal curing 
dosage for lightweight aggregate. Mortar containing SAP without IC water (SP-0) and mortar 
containing LW (LW-0.054) showed similar DOH increases for all curing conditions. Mortars 
cured under 100% RH all achieved over 55% DOH. Mortar containing SAP and IC water (SAP-
0.054) showed the highest DOH, around 60%. Mortar containing SAP without IC water (SP-0), 
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mortars containing internal curing by LW and DWTW (LW-0.054, WT-0.054) showed similar 
DOH, which had around a 3% increase over the control.  
Observing the effects of curing time and relative humidity on degree of hydration of all groups, 
DWTW showed positive effect on early age degree of hydration, and also had significant effect 
on improving degree of hydration under low relative humidity curing condition, especially when 
RH dropped under 50%.  
3.4.3 Shrinkage Results 
Typically internally-cured concrete has higher moisture loss, with water lost 
both internally through hydration and externally through drying
5, 31, 32
. In Fig.3.7 mass change 
and total shrinkage of all groups is shown to 28 days. Results of the statistical analysis for 
shrinkage at 28 days are shown in Table. 3.5. Mortar containing LW (LW-0.054) had the greatest 
total shrinkage and correspondingly the greatest mass loss. There was no difference in total 
shrinkage or mass loss between control group (PC-0) and mortar containing SAP without IC 
water (SP-0) at 28 days. The mass loss for DWTW-0.054 was less than other two internal curing 
groups with the same IC water (SP-0.054, LW-0.054), which indicates internal curing water 
from DWTW primarily involves the more easily released bond water.  
 
(a) Total shrinkage 
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b) Mass change 
Fig. 3.7- Comparison of measured total shrinkage (a) and calculated mass change (b) on 
unsealed prism mortars with different internal curing agents 
(Note: Error bars represent standard error) 
 
Internal curing water provides compensation for emptying the capillary pores 
in cement paste and also lowers the tensile stresses that develop in the capillary space, reducing 
self-desiccation shrinkage
8
. LWs and SAPs have been shown to reduce autogenous shrinkage
31, 
33, 34
. Fig.3.8 (a) shows the comparison of autogenous shrinkage of the mortars. Overall, all of the 
internally-cured mortars had less autogenous shrinkage than the control group (PC-0). The IC 
efficiency factor for reducing autogenous shrinkage (η) was defined by Zhutovshy34, as the ratio 
of the difference of autogenous shrinkage between the reference concrete and the internal cured 
concrete over the autogenous shrinkage of reference concrete (∆εas/ εas), at a certain age. At 28 
days, among all the groups containing same internal curing water, mortar containing SAP (SP-
0.054) had IC efficiency factor as 0.51, mortar containing DWTW (WT-0.054) had IC efficiency 
factor as 0.31 and mortar containing LW (LW-0.054) had IC efficiency factor as 0.26. The lower 
IC efficiency of DWTW and LW may be due to the amounts of DWTW and LW included that 
were less than optimum recommended for the realization of full internal curing benefits. There 
was no statistical difference in autogenous shrinkage between mortar containing SAP with 
 34 
 
additional water provided for internal curing (SAP-0.054) and mortar containing SAP without 
additional water. The results showed DWTW behaves similar to lightweight aggregate for 
autogenous shrinkage mitigation. 
 
(a) Autogenous shrinkage 
 
(b) Drying shrinkage 
 
Fig. 3.8 Comparison of measured deformation of autogenous shrinkage (a) on sealed prism 
mortars and calculated drying shrinkage (b)  
(Note: Error bars represent standard error) 
 
Drying shrinkage was determined as the difference between total (Fig. 3.7(a)) 
and autogenous shrinkage (Fig. 3.8(a)). Results of drying shrinkage are shown in Fig. 3.8 (b). 
The control group (PC-0) had the least drying shrinkage. As expected, the internally-cured 
samples had higher drying shrinkage. However, drying shrinkage was also greater for the SAP 
mixture which did not contain additional curing water (SAP-0). At 28-days there was no 
difference in drying shrinkage between any of the internally-cured samples.  
3.4.4 Scanning electron microscopy  
Fractured samples from compressive strength testing were examined using the 
SEM for visual analysis of relative hydration level and incorporation of the IC materials into the 
hydration matrix. All the samples were dried at 100 °F (37°C) for 24 hours prior to imaging. 
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Images shown are from cement mortars cured under sealed conditions and tested at 7 days (Fig. 
3.9).  
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(a) PC-0                                                            (b) SP-0 
 
  (c) SP-0.054                                                     (d) LW-0.054 
 
 (e) WT-0.054                                                      
 
Fig. 3.9 SEM images of mortars with different internal curing agents at 7days under sealed 
curing condition (a) PC-0, (b) SP-0, (c) SP-0.054, (d) LW-0.054, (e) WT-0.054  
 37 
 
Fig. 3.9(a) shows the SEM image of the control group (PC-0). The control 
sample contained a number of unhydrated cement particles distributed throughout the hardened 
cement paste, which appear as bright colored grains. Comparing the SEM images of mortars 
containing SAP with and without internal curing water (Fig. 3.9(b) and Fig. 3.9(c)), both images 
showed the similar sizes of SAP voids with no large unhydrated cement particles visible. Fig. 
3.9(d) shows mortar containing lightweight aggregate (LW-0.054) with lightweight aggregate 
particles highlighted. Mortar containing lightweight aggregate showed fewer unhydrated cement 
particles than the control, especially in close proximity to the lightweight aggregate particles. 
Although the dosage rate of lightweight aggregate was relatively low, the area of mortar 
internally cured by LW was difficult to distinguish compared to the general bulk paste.  However, 
comparing unhydrated cement particles between mortars containing the same IC water dosage, 
LW-0.054 was not as efficiently cured by IC water as SP-0.054. The SEM image (Fig. 3.9(e)) of 
mortar containing DWTW (WT-0.054) also shows no unhydrated cement particles near the 
DWTW particles. Comparing the drinking water treatment particles shown in Fig. 3.9(e) with 
individual DWTW particle shown in Fig. 3.2(b), the DWTW particles in the hardened cement 
paste have a similar structure and size to the original single particles and did not deteriorate 
during mixing. Both images Fig. 3.9(d) and Fig. 3.9(e) containing the DWTW and LW show 
large calcium hydroxide platelets adjacent to the internal curing particles. Since no localized 
calcium hydroxide was observed in the SAP images (Fig. 3.9(b) and Fig. 3.9(c)), the water most 
likely leaves the SAP particles earlier in the hydration process than for the water physically held 
by the LW or DWTW, which corroborates the degree of hydration results shown in Fig. 3.5 and 
Fig. 3.6. 
3.5 Conclusions  
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The objective of this research was to perform a preliminary investigation into the potential for 
using high moisture content drinking water treatment waste sludge (DWTW) as an internal 
curing (IC) agent in concrete. For comparative purposes two other common internal curing 
agents were investigate and included pre-wetted lightweight fine aggregate and a superabsorbent 
polymer. Based on the results of this experimental investigation, the following conclusions were 
drawn: 
1. DWTW is a high calcium waste material generated by drinking water treatment operations. 
The formation of DWTW flocs in water combined with minimal dewatering results in a 
material with a naturally high in-situ moisture content. DWTW flocs individually have a 
porous microstructure with flocs particle sizes ranging from 10 to 100 µm.  
2. DWTW provided increased degree of hydration over the control mortar. The improvement 
on degree of hydration of DWTW was comparable to the two other internal curing agents 
investigated under a range of curing humidities and ages. 
3. DWTW used as an internal curing agent in cement mortar mixture resulted in increased 
compressive strength at 7 and 28 days. Compared with two other common internal curing 
agents, superabsorbent polymers (SAP) and pre-wetted lightweight fine aggregate (LW), 
DWTW showed comparable effect on compressive strength under sealed conditions. When 
cured at 100% RH, the DWTW samples had the greatest strength of all tested materials. 
4. Mortar containing DWTW showed a 25% reduction in autogenous shrinkage, versus the 
control group at 28 days. Shrinkage reduction was similar to mortar containing pre-wetted 
lightweight fine aggregate.  SAP mortars with and without IC water had the greatest 
autogenous shrinkage reduction. 
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5. DWTW showed similar effect on drying shrinkage as other internal curing agents. Mortars 
containing internal curing agents overall, showed higher drying shrinkage than control group. 
Mortars containing DWTW showed greater total shrinkage than the control group, but less 
total shrinkage than mortars containing pre-wetted lightweight fine aggregate. Among the 
mixtures with the same amount of internal curing water, mortar containing DWTW showed 
less mass loss than mortar containing SAP and mortar containing pre-wetted lightweight fine 
aggregate.  
6. Scanning electron microscope images of all sample under sealed condition showed all 
mortars containing internal curing agents had fewer unhydrated cement particles than the 
control.  
7. Drinking water treatment waste is an effective internal curing agent and has similar 
performance to both the investigated super absorbent polymer and pre-wetted lightweight 
fine aggregate. Since drinking water treatment waste is currently a globally available waste 
product which has a chemical composition similar to cement and contains sufficient moisture 
for internal curing without additional processing, use of drinking water treatment waste in 
concrete has the potential to lower the CO2 footprint and cost, while improving concrete 
performance. 
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CHAPTER 4 
PROPORTIONING DRINKING WATER TREATMENT WASTE FOR CONCRETE 
INTERNAL CURING 
 
ABSTRACT 
Internal curing methods for mitigating high performance concrete early age cracking have been 
studied and developed extensively over the past decade. Prewetted lightweight aggregates, 
superabsorbent polymers, and other porous materials have been studied as internal curing agents. 
Initial testing has shown drinking water treatment can function as an internal curing agent. This 
study extended those findings by investigating the how different drinking water treatment waste 
properties influence internal curing. Inherent porous nature of internal curing agent tends to have 
a negative effect on concrete mechanical properties which makes proper dosing critical to 
achieving the best performance. In this paper, three dosage rates were investigated calculated 
based on the theory along with two different moisture levels. Concrete mechanical properties, 
resistivity, absorption, drying and restrained shrinkage were evaluated. Overall, the lowest 
dosage level showed moderate mechanical properties and reduced early age cracking tendency. 
Keywords: drinking water treatment waste, concrete properties, internal, curing, shrinkage 
4.1. Introduction 
High performance concrete (HPC) is widely used in modern society because 
of excellent mechanical properties and improved durability properties to substantially increase 
service life in harsh environment [1-3]. HPC is often used in application such as high-rise 
structures and bridges and typically a HPC mix design requires certain minimum compressive 
strength, minimum cement factor and maximum w/cm ratio [4].  
Curing has critical impact on concrete permeability and historically curing 
was primarily used to ensure an adequate strength was obtained [5]. For concrete with high 
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water-to-cementitious ratio (w/cm), the purpose of curing is prevent water migration out of the 
interconnected pore system. Curing utilizes either membrane-forming compounds, plastic 
sheeting, or prolonged moist curing of some fashion. On the other hand for concrete with a low 
w/cm, external moist curing is not as effective because the much lower permeability prevents 
migration into the concrete. The high cementitious content and low w/cm makes HPC also prone 
to early age cracking due to the effect of self-desiccation and consequently autogenous shrinkage 
[5, 6, 7]. Self-desiccation describes a process that cement paste dries itself out from the inside as 
mixing water is chemically incorporated into hydration products. A certain amount of water is 
needed for a given cement chemistry and content to compensate for self-desiccation [8, 9]. 
Power’s model requires equilibrium internal humidity close to 100% for cement hydration 
process [8, 9]. Hydration process will stop when the internal relative humidity decrease to a 
certain point [6, 7, 8, 9, 10]. Internal curing (IC) introduces additional water not the part of 
original mixing water and uniformly distributed throughout the system in order to reach 
unhydrated cement [11, 12, 13]. Internal curing is especially beneficial in concrete with low 
w/cm, such as HPC.   
The fundamental characteristic for internal curing agent is the availability to 
store water in the particle of IC agent [14]. IC agent can store water as physically absorbed form 
such as superabsorbent polymer (SAPs) or can reserve water as physically hold water such as 
pre-wetted light weight aggregate [14]. SAPs can absorb from 15-20kg water/kg in high 
alkalinity solution such as cement paste; pre-wetted lightweight fine aggregate can absorb from 
0.07-4.5 kg water/kg, depends on the aggregate type and how it allowed to absorb [15]. The 
effects of using IC on reducing autogenous shrinkage, mechanical properties and durability 
properties have been studied continuously [16, 17, 18, 19].   
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Drinking water treatment waste (DWTW) was previously evaluated as an 
alternative IC agent comparing with SAPs and pre-wetted lightweight fine aggregate in cement 
mortar [20]. DWTW showed increased degree of hydration and decrease autogenous shrinkage 
comparing to control mortar. In this paper, high performance concrete with different percentage 
of DWTW as IC agent was studied. Properties such as mechanical properties, resistivity and 
cracking potentials were compared.  
4.2. Literature Review  
4.2.1 Early age volume change  
Plastic shrinkage is the earliest age volume change, it occurs after fresh 
concrete has been placement, or during finishing. Plastic shrinkage caused cracking is associated 
with any condition that water evaporates from the surface greater than the bleeding process [21]. 
Menzel provided a chart utilizing air temperature, relative humidity and wind velocity to 
determine the rate of evaporation [22]. Plastic shrinkage can be prevented through moist curing. 
Although, high cement/cementitious content, low w/cm ratio and high concrete temperature 
increases the possibility of plastic shrinkage.  
Chemical shrinkage is an inherent material property, as cement hydrates, the 
volume of the materials to start with is greater than the hydration product.  Powers conducted the 
first calculation on chemical shrinkage according to different clinker phases [9]. When capillary 
pores start to empty, chemical shrinkage leads to a decrease of internal relative humidity [23]. 
This process is known as self-desiccation. Recent research agreed on self-desiccation is the main 
contributor for autogenous shrinkage, particular in HPC mixes [5, 6, 12, 13, 14, 15]. Autogenous 
shrinkage is significantly influenced by w/cm ratio [23]. A lower w/cm ratio system has a finer 
microstructure; a finer pore leads to a higher capillary tension during self- desiccation. The usage 
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of IC methods is introducing the pores IC agent with water absorbed in, and will be empty first 
during self-desiccation process and consequentially reduce the stress from the paste. Also 
additional water will be used to increase the degree of hydration and increase internal relative 
humidity. 
4.2.2 Internal curing methods and effect  
The fundamental estimation for theoretical content of IC water for 
compensating autogenous shrinkage is shown as Wic = C · αmax · CS (Eq-1) [13], where Wic 
(kg/m
3
) is the total amount of IC water, C is the cement factor in the mix (kg/m
3
), αmax  is the 
maximal degree of hydration and CS is chemical shrinkage which can be calculated through 
literature, typically between 6-8% [9] .  
Both SAPs and prewetted lightweight fine aggregate proved to increase 
degree of hydration of cement paste and decrease autogenous shrinkage. For the effect on 
concrete mechanical properties, SAPs found to be neutral or minor increases compressive 
strength, a certain content of pre-wetted lightweight aggregate can decrease compressive strength 
[14, 16]. SAPs also showed an improved freeze thaw resistance, possibility due to porosity 
generated by SAPs were acting as air bubbles [16].    
4.2.3 Drinking water treatment waste  
A majority of the US population uses surface waters as a drinking water 
source and surface water treatment produces large amounts of waste sludge from flocculation 
and filtration processes. The average American uses 300-380 liter (80-100 gallons) of treated 
water each day and water treatment processes result in about 4% sludge generation as a total of 
water treated [24]. Sludge handling is responsible for 30-40% of the capital cost of a treatment 
plant, and around 50% of the operating costs [24]. Settled sludge particles are dewatered into a 
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semi-dry cake (~50% solids) before disposal and in 2010, the U.S. produced 7 million tons of 
lime sludge from drinking water treatment (on a dry solid basis) [25]. In many locations disposal 
consists of open evaporating pits and there is an ever-increasing need for sludge management, 
disposal, or reuse [20].  
Previous research has been performed on possible beneficiation [26]. 
However, the natural high moisture content has hindered any significant upcycle beneficiation 
because of the significant cost incurred with natural gas drying. In here, the high moisture 
content of DWTW was studied to have potential for reducing concrete autogenous shrinkage 
[20]. This work mainly studies the settled sludge materials which have 55% moisture content, the 
direct discharged sludge was studied as well as comparison which have 72% moisture content.  
 
4.3. Experimental Investigation 
4.3.1 Materials  
Type I/II ordinary Portland cement (OPC) conforming to ASTM C150 Type 
I/II was used throughout the study [27]. The OPC cement had a Blaine fineness of 373 m
2
/kg and 
a Bogue composition of 55% C3S, 17% C2S, 8% C3A, 10% C4AF. The DWTW used in the study 
was light grey in color and had the consistency of damp soil. The material had been dewatered to 
the as-tested condition and landfilled. The as-received moisture content was 55% on a dry weight 
basis and specific gravity was 2.41 tested with a helium pycnometer. The moisture content of 
DWTW at initial discharge point was tested around 72%. Chemical composition using x-ray 
florescence (XRF) showed high calcium content and low contents of silicon, magnesium and 
aluminum, which are shown in Table 1. X-ray diffraction (XRD) showed calcite, quartz were the 
main crystalline components and are shown in Fig. 1. Scanning Electron Microscopy (SEM) 
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showed conglomerations of calcium carbonate platelets ranging from 10 to 100 µm (Fig. 2). 
Particle size distribution of OPC and DWTW was shown as Fig 3.  The BET surface area for 
DWTW is 9.3013 (m
2
/g) and for Type I cement is 0.8573 (m
2
/g) and were measured using 
nitrogen adsorption [28].  
Table 4.1 Chemical composition of DWTW 
 DWTW 
Specific gravity 2.41 
Loss of ignition, % 42.59 
CaO, % 43.93 
SiO2, % 5.84 
MgO, % 4.24 
Al2O3, % 1.55 
Fe2O3, % 0.78 
SO3, % 0.31 
K2O, % 0.20 
P2O5, % 0.10 
*
Wt% < 0.1 are not listed                                                       Figure.4.1 XRD results 
Absorption of lightweight aggregate is determined using ASTM C1761 which 
is a modified version of ASTM C128 [40] DWTW is thin slurry through the production process 
and dewatered to the consistency of damp soil. Because of the soil-like consistency neither 
ASTM C1761 and ASTM C128 and unlike lightweight aggregate, both moisture contents are 
possible. Concrete mix designs are shown in Table 2. DWTW was dosed as a fine aggregate 
component. Mixture with DWTW as a portion of fine aggregate are labeled WT; plain control 
group refers PC. WT can be followed by the moisture content of DWTW used, either 55% or 
72%. The optimum amount of DWTW was used by providing theoretical IC water calculated 
using the Bentz equation, equation 1 [13]. Since equation 1 calculated the amount of water 
needed to satisfy chemical shrinkage, WT55 and WT72 contain the same amount of water 
provided for internal curing just in a different DWTW consistency. Half of the optimum amount 
was marked as 0.5X, and one and half times optimum was marked as 1.5X. For example, WT55-
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0.5X-0.4 had DWTW as internal curing agent containing 55% moisture at half optimum dosage 
with w/cm ratio at 0.4.  
Limestone coarse aggregate was used in this study meeting ASTM C33 No. 
57 gradation with specific gravity of 2.67. Fine aggregate met ASTM C33 with fineness modulus 
of 2.6 and specific gravity of 2.61 [29]. Type F polycarboxylate high range water reducing 
admixture meeting ASTM C494 was used to achieve slump and vinsol resin based air 
entrainment meeting ASTM C260 was used to entrain air [30, 31]. 
 
Figure 4.2 Scanning Electron Micrograph of DWTW Conglomerate Particles. 
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Figure.4.3 Particle size distribution   
Table 4.2 Concrete mixture design  
Mix Designation w/cm 
Cement  
(pcy) 
CA 
(pcy) 
FA 
(pcy) 
Water 
(pcy) 
DWTW 
(pcy) 
Dry mass Insitu mass 
PC-0.40 0.4 658 1614 1321 263 0 0 
WT55-0.40 0.4 658 1614 1175 263 90 139 
WT72-0.40 0.4 658 1614 1203 263 69 118 
WT55-0.5x-0.4 0.4 658 1614 1248 263 45 70 
WT55-1.5x-0.4 0.4 658 1614 1102 263 135 209 
 
4.3.2 Experiments 
Concrete mixing procedure conducted in accordance with ASTM C 192 [32]. 
Slump, air content and unit weight were measured within 5 minutes after mixing following 
ASTM C143, C138 [33, 34]. A set of 4 inch by 8 inch cylinders were cast for compressive 
strength and resistivity, with testing at age of 7 days, 28 days and 90 days; additional set of 
cylinders were cast for water absorption at the age of 90 days. All cylinders were cured sealed at 
room temperature of 73°F until tested. Compressive strength was determined on average of three 
cylinders, following ASTM C39 [35]. Concrete surface resistivity was determined on the average 
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of three cylinders following AASHTO TP-95 [36]. Concrete were demolded and placed in lime 
water for 10 min allowing proper surface moisture for reading. Probe spacing was set at 2 inch 
and a 1.0 curing condition coefficient was applied to the final surface resistivity results. Water 
absorption was determined on average of three 4 inch by 2 inch discs. Two 4 inch by 8 inch 
cylinder were cut into four 4 inch by 2 inch disc, water absorption was performed following 
ASTM C 1585 [37]. Concrete cracking tendency sections of testing were tested on cement 
mortar. Autogenous shrinkage was tested according to ASTM C596 [38]. A set of eight 1 inch by 
1 inch by 11 ¼ inch prisms were cast and demolded at 1 day except four prisms used for 
autogenous shrinkage which were sealed with wax immediately after demolding. Restrained ring 
shrinkage was tested according to ASTM C1581 with an average of two rings reported [39]. Data 
was recorded immediately after placing and at 15 minute intervals. The outer molds were 
removed after 1 day. One set of rings were sealed on the top surface following the standard and 
another set of rings were seal entirely by adhesive aluminum foil tape. In this fashion both drying 
shrinkage and autogenous shrinkage components were determined for both unrestrained and 
restrained conditions.  
4.4. Experimental Results and Discussion 
4.4.1 Compressive strength  
Compressive strength is shown in Figure 4. A series of t-tests was used to 
analyze significant differences between PC-0.4 and the rest of individual groups at each age 
(α=0.05). There was no statistical significance between PC-0.4 and WT55-0.5X-0.4 at any age. 
A clear decrease in compressive strength was observed when DWTW was added at the 72% 
moisture content from samples obtained before dewatering operations. Also when DWTW was 
added at 1.5 times the optimum dosage (WT55-1.5X-0.4) a 40% reduction in compressive 
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strength was observed. At the optimum dosage as determined by the Bentz equation (ref) a 
decrease in compressive strength was observed at 28 and 90 days. DWTW particles are much 
more compressible than the sand particles they replaced, consequently a reduction in strength 
was expected. However the degree to which DWTW replacement for sand decreased strength 
was greater than typically observed for lightweight fine aggregate. Since prewetted lightweight 
aggregates are significantly coarser than DWTW, while following the same supporting theory, at 
least for compressive strength it appears a modification may be required.   
 
Figure 4.4 Results of compressive strength (Error bar: standard deviation) 
4.4.2 Resistivity 
The resistivity results mirrored similar trends as compressive strength (Figure 
5). In general, as cement hydration continues, concrete develops denser microstructure and 
becomes less permeable and all samples displayed increased resistivity with curing time. PC-0.4 
and WT55-0.5X-0.4 showed no significant difference throughout the entire testing period. There 
were significant decreases in resistivity for WT72-0.4 and WT55-0.4 compared to the control. 
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WT55-1.5X-0.4 had the lowest resistivity across all groups. However, according to AASHTO, 
only PC-0.4 and WT55-0.5X-0.4 at 90 days were considered moderately permeable [36].  
 
Figure 4.5 Results of resistivity (Error bar: standard deviation) 
4.4.3 Water absorption results   
Absorption was used as a secondary verification against resistivity to indicate 
density of the internal hydrated structure. Figure 6(a) shows reduced absorption data for all 
mixtures which again tracks directly with compressive strength. No difference was observed 
between PC-0.4 and WT55-0.5X-0.4 at any age. The remaining mixtures also followed the same 
trends as for compressive strength. A slight increase in absorption was observed for WT55-0.4 
followed by WT72-0.4. Although both WT55 and WT72 contained the same amount of IC water 
and following equation 1 should produce the same performance, a clear difference was observed. 
Although traditional absorption is not possible to determine for DWTW, compressive strength, 
resistivity, and absorption indicate 55% moisture is better for IC. Figure 6(b) compares initial 
and secondary absorption rate for all mixtures.  
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When comparing same amount of IC, WT72-0.4 and WT55-0.4 showed 
similar trends comparing with previous testing. DWTW with 72% moisture did not provide the 
similar effect as DWTW with 55% moisture content. WT55-1.5X-0.4 showed the coarsest 
microstructure, could due to more interconnected pore system since additional amount of 
DWTW was introduced. The rate of absorption showed similar trend among all sample for both 
initial absorption and secondary absorption. Other than the 1.5 times dosage all initial absorption 
rates were similar. The 0.5 times dosage had the lowest initial and secondary absorption rate. 
Both initial and secondary absorption rates increased with DWTW dosage and with the 72% 
content greater than the similar 55% mixture.  
 
Figure 4.6(a) Sorptivity results, left (b) rate of absorption (Error bar: standard deviation) 
4.4.4 Free Shrinkage 
A modified ASTM C596 was used to evaluate mortar sample autogenous 
shrinkage with samples demolded after 24 hours and immediately sealed. All samples were 
weighed throughout the process to ensure no unintended moisture loss. There was less than 0.1% 
moisture loss for any sample over the testing duration. No significant difference in autogenous 
shrinkage was observed between PC-0.4 and WT55-0.4. However, all other samples experienced 
reduced autogenous shrinkage. The mixture containing DWTW with 72% moisture content had a 
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5% decrease compared to the sample with the same amount of IC water but at 55%. The 
interesting groups and most unexpected results were WT55-0.5X-0.4 and WT-1.5X-0.4 which 
had the least amount of autogenous shrinkage.  
 
Figure 4.7(a) Autogenous shrinkage, (b) Total shrinkage 
Total shrinkage is shown in Figure 7(b). As expected the sample containing 
the greatest amount IC water (WT55-1.5X-0.4) had the greatest total shrinkage. The mixtures 
containing DWTW at 72% and 55% had the same amount of shrinkage. Interestingly, the 
mixture with the half dosage (WT55-0.5x-0.4) had similar total shrinkage as the control mixture 
which is very promising since it also had the lowest autogenous shrinkage.  
 
4.4.5 Restrained shrinkage results 
The final evaluation in this study utilized mortar with the exact proportions as 
the mixtures presented in Table 2 minus the coarse aggregate to evaluate the cracking tendency. 
Uniquely, both total shrinkage on circumferentially unsealed samples and autogenous shrinkage 
on completely sealed samples are compared. Figure 8 shows the restrained shrinkage results 
under the unsealed condition. Overall, rings samples containing DWTW as IC agent had delayed 
cracking and increased total strain upon cracking. WT55-0.5X-0.4 had around 4 hr delay to 
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cracking compared to WT55-0.4. WT55-1.5X-0.4 had half day delay to cracking and WT72-0.4 
had a one day delay on cracking compared to the control group.  
 
Figure 4.8 Unsealed restrained shrinkage results  
Ring shrinkage under sealed condition was also evaluated to provide 
additional information and comparison against the conventional autogenous shrinkage results. 
Whereas the unsealed specimens cracked between days two and three, the sealed specimens 
cracked between days eight and twelve. Interestingly, while sealing extended time to cracking 
the maximum strain was similar between the two conditions. Overall, the sealed ring shrinkage 
samples with DWTW had around a 25% reduction in maximum strain as well as a delay. WT55-
0.5X-0.4 and WT55-1.5X-0.4 appeared similar time of cracking and were the last ones to crack 
which showed similar results as autogenous shrinkage.  
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Figure 4.9 sealed restrained ring shrinkage results  
4.5. Conclusions 
This study evaluated the usage of DWTW as IC agent in concrete. DWTW 
was introduced as a fine aggregate replacement and the replacement dosage was selected 
assuming DWTW behaved similarly to pre-wetted light weight aggregate. Three replacement 
levels were evaluated, from half to 150% optimum dosage. DWTW is a soft, moist, porous solid 
powder and consequently a change in mechanical properties, microstructure development and 
ultimately effect on early age cracking tendency was expected. While dosage was based on 
recommendations typical for prewetted lightweight aggregates typically comprised of expanded 
shale, clay, and slate, the results indicate that DWTW behaves differently.  
 When dosed at the recommended optimum for IC using lightweight aggregates (WT55-
0.4), a decrease in compressive strength was observed along with an increase in 
resistivity and absorption. For free shrinkage, no difference was observed for autogenous 
shrinkage with a slight increase in total shrinkage. All internally-cured specimens had 
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increased time to cracking in both sealed and unsealed restrained ring testing, however 
the optimum dosage had performance most similar to the control.  
 When comparing the raw state of 72% moisture or the dewatered state or 55% the 72% 
material had lower strength and higher resistivity and absorption than the 55% material. 
Free shrinkage was similar between the two moisture contents however time to cracking 
was delayed by a day for the 72% unsealed specimens. The delay was only 1 hour for 
sealed restrained ring testing.  
 When comparing the half (WT55-0.5x-0.4), optimum (WT55-0.4), and 1.5 times 
optimum (WT55-1.5x-0.4) samples compressive strength decreased, resistivity and 
absorption increased with dosage. The half optimum dosage consistently had lower 
shrinkage behavior the then optimum dosage with the 1.5 times optimum a bit more 
variable.  
 From this study the mixture containing half the optimal dosage of IC water, following 
dosage recommendations for lightweight aggregates, produced the best results. The 
mixture WT55-0.5X-0.4 had no difference in compressive strength, resistivity, or 
absorption than the control. However, unrestrained autogenous shrinkage was 
significantly less without experiencing more total shrinkage. The half dosage mixture 
produced a delay to cracking for both the sealed and unsealed restrained ring tests.  
 Previous results have shown that drinking water treatment waste functions as an IC agent 
and the comparison was based on recommended dosage rates for super absorbent 
polymers. This study investigated dosage rates with the assumption the material 
functioned similar to prewetted lightweight fine aggregate. The results indicate that the 
dewatered material functions better than the material in the higher moisture raw state. 
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Results also indicated that comparatively less material is desirable with a half dosage 
producing the best results for the selected. mixture proportions. 
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CHAPTER 5 
EVALUATING DRINKING WATER TREATMENT WASTE AS A CEMENT 
REPLACEMENT POSSESSING INTERNAL CURING PROPERTIES 
ABSTRACT 
With the increasing attention on CO2 emissions, the cement and construction 
industry have been exploring every opportunity to reduce embodied energy and carbon footprint. 
Concrete currently incorporates many recycled industrial byproducts such as fly ash and blast 
furnace slag which helps reduce the quantity of landfilled materials while reducing CO2. The 
large volume of drinking water treatment waste generated by each metropolitan city has 
motivated many to investigate possible beneficial utilization. Despite the high purity of drinking 
water treatment waste, high moisture content and the associated high energy required to dry the 
material into a readily usable form have prevented beneficial usage from moving forward in any 
significant capacity. This research evaluated using the landfilled material in the as-received, 
moist condition as a cement replacement powder with internal curing properties. The results 
show for high cementitious mix, where internal curing would be recommended to achieve 
maximum hydration, up to 10% replacement with drinking water treatment waste provides 
equivalent strength and heat of hydration without negatively impacting setting time.   
Keywords 
Drinking water treatment waste, Cement replacement, Internal Curing, Reuse and recycling 
5.1 Introduction 
Concrete is the most used man-made material in the world with an average 
consumption of three tons per person annually [1]. Concrete is the continued material of choice 
for building structures, road, bridges and utility systems because of the strength, durability, 
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availability, and cost advantages. Portland cement is the essential component of concrete and 
reacts with water producing hydration products which harden and bind the aggregate. Cement 
manufacturing accounts for approximately 5% of the global man-made CO2 emissions. In the 
cement manufacturing process about 60% of the total emission comes from the raw materials 
manufacturing process, calcination where limestone de-carbonates and releases CO2. The 
remaining 40% of total emission comes from the energy being used for heating raw materials to 
a temperature about 1450°C for the necessary chemical reactions to occur [2].   
5.1.1 Review of cement sector efforts to reduce CO2 emissions and energy consumption 
The COP21 Paris climate summit resulted in a new CO2 emission action plan 
for global cement producers. Cement industry targets reducing CO2 emissions 20-25% by 2030 
which is about 1 Giga ton of CO2 [3]. Interestingly, the cement industry was among the first to 
deal with the issue of climate change and since 1975 the cement industry in US has reduced CO2 
emissions by 33% [4, 5, 6]. Portland Cement Association (PCA) members adopted a voluntary 
Code of Conduct to support the Cement Manufacturing Sustainability Program. By the year of 
2020, the industry plans to voluntarily reduce CO2 emissions by 10%, energy use by 20%, and 
cement kiln dust by 60% comparing to a 1990 baseline [4].  
As with many industrial processes, manufacturing cement is very energy 
intensive. Producing one ton of cement requires 4.7 million BTUs of energy, equivalent to 400 
pounds of coal and generates about one ton of CO2 [5]. One of the opportunities to mitigate CO2 
emission from energy source is utilizing alternative fuels, which include natural gas, bio mass 
and waste-derived fuels such as tires, municipal solid wastes. By using less carbon intensive 
fuels it is projected that the overall cement CO2 emissions can be reduced by 18-24% from 2006 
to 2050 [3]. The other most commonly discussed technique for CO2 emission reduction through 
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energy savings is by creating belite cements which are formed at substantially lower 
temperatures and therefore use less energy [7]. Whether using less carbon intensive fuels or 
changing the cement chemistry, the cement industry has a toolbox of viable options to reduce 
CO2 generation from the heating fuel standpoint.  
The other component of cement production that contributes to the CO2 
footprint is in the calcination of the raw materials. Reducing emissions from the calcination 
process means further reducing the clinker content in cement. Blending cements with other 
materials having hydraulic or pozzolanic properties can substantially reduce the volume of 
clinker being used, and reduce CO2 emission by as much as 20% [8, 9]. Blast furnace slag, fly 
ash, and some natural volcanic ashes have been used in concrete as partial cement replacement 
and been proven to increase durability and other properties of concrete. A more recent, yet 
widespread technique is the use of limestone interground with the clinker and has been 
intensively studied during the last decade [10-16]. European standard EN 197-1 allows Portland 
limestone cement containing limestone up to 35% by mess and Canadian standard CSA A3001 
allows up to 15% limestone content. A low clinker to cement ratio product is the second 
opportunities to mitigate CO2 emission [8]. 
5.1.2 Review the production and current beneficial usage of drinking water treatment 
waste 
A majority of the US population uses surface waters as a drinking water 
source and surface water treatment produces large amounts of waste sludge from flocculation 
and filtration processes. The average American uses 80-100 gallons of treated water each day 
and water treatment processes result in about 4% sludge generation as a total of water treated 
[17]. Sludge handling is responsible for 30-40% of the capital cost of a treatment plant, and 
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around 50% of the operating costs [17]. Settled sludge particles are dewatered into a semi-dry 
cake (~50% solids) before disposal and in 2010, the U.S. produced 7 million tons of lime sludge 
from drinking water treatment (on a dry solid basis) [18]. In many locations disposal consists of 
open evaporating pits and there is an ever-increasing need for sludge management, disposal, or 
reuse [19].  
Previous research has been performed on possible beneficiation. Numerous 
options have been investigated, such as base pigment in paint production, alkalinity for crop 
liming, alkalinity for pineland conversion, dust control for coal storage piles for power plants, 
and raw material for cement production [20]. However, the natural high moisture content has 
hindered any significant upcycle beneficiation because of the significant cost incurred with 
natural gas drying. 
The first phase of this research investigated using drinking water treatment 
waste in concrete, taking advantage of the high moisture content [19]. For high performance 
concrete, the most effective method to reduce autogenous shrinkage and early age cracking is 
through internal curing (IC) [21, 22]. The concept of IC is to provide distributed water reservoirs, 
not part of the original mixing water, throughout the cement paste. As the hydration reaction 
occurs the IC water is drawn from the reservoirs, improving the chemical reaction and reducing 
internal stresses [19, 21, 22]. The second phase of this research investigated using drinking water 
treatment waste for the purpose of cement replacement, also possessing IC properties.  
5.2 Material Properties of Drinking Water Treatment Waste (DWTW) 
Several studies have previously characterized DWTW for heavy metal, 
volatiles, semi volatiles, herbicides, and pesticide contents [23, 24, 25]. Results from different 
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states and plants are consistent; waste from lime-softening drinking water treatment plant is 
benign and an inert material [19, 24, 25].  
5.2.1 Physical and chemical properties  
The as-received material used for this study was light grey with the texture of 
damp, friable soil. The moisture content was 50-55%.  X-ray florescence (XRF) indicated 
primarily calcium with smaller amounts of silica, magnesia, and alumina. Loss on ignition was 
greater than 40% which is consistent with calcination of high carbonate materials [19]. A 
detailed composition is shown as Table 1. X-ray diffraction (XRD) indicated primarily a 
crystalline calite structure, shown as Figure 1. Figure 2 shows a scanning electron micrograph of 
the DWTW. The material is a conglomerate of calcite plates with individual particle sizes 
ranging from 5 to 10 microns. DWTW particle size distribution is shown along with the ASTM 
C150 Type I Portland cement used in following testing, in Figure 3. The specific gravity was 
2.41 tested using a helium pycnometer. The surface area was tested using BET and results are 
shown in Table 2. The surface area of DWTW is 10 times greater than the cement utilized for 
this study. 
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Table 5.1 Chemical composition of DWTW 
 DWTW 
Specific gravity 2.41 
Loss of ignition, % 42.59 
CaO, % 43.93 
SiO2, % 5.84 
MgO, % 4.24 
Al2O3, % 1.55 
Fe2O3, % 0.78 
SO3, % 0.31 
K2O, % 0.20 
P2O5, % 0.10 
*
Wt% < 0.1 are not listed                             Figure.5.1 XRD Showing Primarily Calcite Structure 
 
  
Figure.5.2 Scanning Electron Micrograph of DWTW Conglomerate Particles. (a) Particles with 
different size range, (b) Close image of single particle 
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Figure.5.3-Particle Size Distribution  
 
Table 5.2 BET results 
 BET surface area (m
2
/g) 
DWTW 9.3013 
Type I Cement 0.8573 
5.2.2 Rheology properties with moisture changes 
Despite the high purity and consistency of DWTW, high moisture content and 
high energy requirement for drying has prevented any significant beneficial use. The water 
contained in the waste occurs as either bulk water or bonded water [26, 27, 28]. Bulk water is the 
water held between the particles through surface tension and can be drained and more easily 
removed compared to the bonded water. Bonded water includes interstitial water, vicinal water, 
and water of hydration [28]. Interstitial water is water trapped in the interstitial spaces of the 
flocs which can become free water when the flocs structure is destroyed; vicinal water consists 
of multiple layers of water molecules held to the particle surface through hydrogen bonding; 
water of hydration is the water chemically bond to the particles and can only be removed by 
thermal decomposition [26, 28]. 
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The most important piece of information for any potential IC material is 
absorption capacity and degree of saturation/moisture content [29]. Since standard aggregate 
absorption testing is not applicable for a damp powder, standard soil liquid limit testing (ASTM 
D4318) was performed as a surrogate to determine absorption capacity [30]. The DWTW 
material, while not classically cohesive, is viscous with a slight amount of apparent cohesion, but 
not enough to determine a plastic limit. The measured liquid limit was 72%. 
5.3 Evaluating Using Drinking Water Treatment Waste as Cement Replacement in Cement 
Mortar 
5.3.1 Materials and proportion  
The cement used in this study was ordinary Portland cement (OPC) 
conforming to ASTM C150 Type I and Type II, marketed as a Type I/II [31].  The OPC had a 
Blaine fineness of 373m
2
/kg, and a Bogue composition of 55% C3S, 17% C2S, 8% C3A, 10% 
C4AF. DWTW had an as-received moisture content of 55%. River sand was used as fine 
aggregate and met the requirement for ASTM C33 [32]. For a mixture with w/cm ratio lower 
than 0.38, an IC method is recommended [21, 22]. In this study, w/cm ratio was set at 0.35. The 
mortar mix proportions are shown in Table3. The total cementitious materials were held constant 
and DWTW (on a dry particle mass basis) was used as a replacement for OPC from 5% to 20%.  
TABLE 3-Mixture proportions 
 Cement 
(kg/m
3
) 
DWTW 
kg/m
3
 (dry) 
Sand 
(kg/m
3
) 
Water 
(kg/m
3
) 
w/cm 
WT0 622 0 1555 218 0.35 
WT5 591 31 1555 218 0.35 
WT10 560 62 1555 218 0.35 
WT15 529 93 1555 218 0.35 
WT20 498 125 1555 218 0.35 
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5.3.2 Testing program 
Mortar mixing followed ASTM C305 [33]. A set of three 50mm by 100 mm 
cylinders were cast for semi-adiabatic calorimetry with heat profile monitored for 5 days. 
Standard 50 mm mortar cubes were tested for compressive strength according to ASTM C109, at 
1, 7, 28 days [34]. After placement, samples were sealed in plastic wrap individually and cured at 
standard conditions of 23°C. Heat of hydration of cement paste was determined using isothermal 
calorimetry according to ASTM C1702 for 168 hours [35]. Samples were then crushed and 
saturated with methanol to stop cement hydration. XRD was used to evaluate the proportion of 
various hydration products at the age of 7 days.  
5.4 Results  
5.4.1 Compressive strength 
Figure 5.4 shows the results for compressive strength compares mortar cubes 
cured under sealed condition between different levels of DWTW replacement. At 1 day, there 
was no difference between control group WT0 and 5% replacement WT5. There were a 33% 
strength reduction from control to WT10 and WT15, and there was no difference between WT10 
and WT15. WT20 has about 45% strength reduction from control group at 1 day. At 3 days WT5 
had a 15% strength increase than control groupWT0. The compressive strength was decreased 
while the DWTW increases among the rest of the group. The similar trend applies for the later 
age, 7 days and 28 days.  
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Figure.5.4 Compressive strength results with different level of DWTW replacement; *Error bar: 
standard deviation 
 
5.4.2 Semi adiabatic calorimeter 
Figure 5.5 shows the overall heat profile of all the samples that measured in a 
semi-adiabatic calorimeter. Figure 5.6 shows the comparison of the peak temperature and when 
the peak temperature occurred. Semi-adiabatic calorimetry is a common tool used in the field or 
lab to compare mixtures for information such as set time and early hydration efficiency. The 
shape of main hydration peaks did not show any significant change indicating dilution effect, 
shown as Figure 5.5. The peak temperatures decreased linearly with increase in DWTW 
replacement for cement (Figure 5.6). In general setting time would have little impact from the 
DWTW based on time to peak temperature with a maximum of 30 minutes difference between 
any replacement rate and the control.  
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Figure.5.5 Comparison of heat profile from semi-adiabatic  
 
Figure.5.6 Comparison of peak temperature and peak time from semi-adiabatic heat profile  
Isothermal calorimeter 
The heat of hydration curves determined from isothermal calorimetry are 
shown in Figure 7. Unlike semi-adiabatic calorimetry  which better represents setting time in 
field conditions, isothermal calorimetry is a quantitative measure of cement/cementitious 
hydration kinetics. The data in Figure 7 are plotted using two assumptions. In Figure 7(a) heat 
generation is calculated on a dry powder basis which includes both the cement and DWTW. In 
Figure 7(b) only the mass of cement was utilized. In Figure 7(a) all samples containing DWTW 
had less pronounced sulfate depletion and decelerated aluminate activity. This may be due to a 
sulfate unbalance caused by additional cement hydration with decreased available sulfate 
content. The dormant period was similar for WT5 and WT10; and also for WT15 and WT20.  In 
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Figure 7(b), the heat profile was plotted against total cement content. Although, whether fine 
ground calcite can change the cement hydration product is not the purpose of this paper, it is 
clear that DWTW does improve the reaction efficiency of the cement, DWTW is not as reactive 
as cement alone. Although delayed, Figure 7 (b) shows that up to 20% cement replacement, the 
magnitude of main hydration peak did not reduce on per gram of cement level. This may due to 
the fact there were more moisture continue to release from DWTW to supply the hydration and 
additional nucleation sights available from the high surface area.   
 
(a)                                                                                           (b)  
Figure.5.7 Heat of hydration curve (a: power/ gram of total powder; b: power/gram of total 
cement) 
 
Figure 8 shows the total heat of hydration generated for the mixtures 
measured to 7days. The control cement mixture had comparatively more of the heat released 
during earlier ages with energy release from hydration occurring at proportionally later ages with 
increased replacement rate. The total energy produced during hydration was the same for the 
control through 10% replacement with only a very slight reduction even at 20% replacement. 
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Figure.5.8 Total heat of hydration 
 
5.4.3 X-ray diffraction  
Limestone is generally considered an inert material in blended limestone 
cement. Because of the higher surface area, the addition of fine limestone powder as clinker 
replacement provides more nucleation sites during hydration process. However, some of the 
calcium dissolves and participates in hydration and several researchers have investigate how 
limestone affect hydration process as additional products are formed by limestone and C3A, C3S 
phases [11, 36-39]. Research from Kakali showed the presence of calcite is able to formation of 
monocarbonate and also effects on the amount of free calcium hydroxide [39]. While not 
technically ground limestone, DWTW has similar chemistry and particle size so comparison is 
reasonable. Figure 9 shows the XRD results from cement pastes containing different levels of 
DWTW replacement at 7 days. No significant diffraction peak for monocarbonate was observed 
for any mixture. The peak intensity of calcite increased with DWTW replacement with also an 
increased peak for calcium hydroxide. Overall, the XRD spectrums between different 
replacement levels were similar with no unique hydration products observed with the addition of 
DWTW.  
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Figure.5.9 XRD comparison of hydration products with different level of DWTW replacement 
CH: calcium hydroxide; C: calcite; E: ettringite  
 
5.5 Conclusion and Discussion 
Drinking water treatment waste (DWTW) is a ubiquitous, globally-available 
waste material. Many researchers have investigated beneficial reuse but the high natural moisture 
state and the high costs to remove the water relegate the material to a landfill in most cases. 
Previous work by the authors has shown DWTW in the moist state does provide IC benefits, 
although not following classical behavior for other IC materials such as lightweight aggregates 
or super absorbent polymers. Since DWTW is a powder with chemistry similar to limestone, this 
study investigated the potential of DWTW to be used as a cement replacement, uniquely as one 
also possessing IC capabilities. The study investigated replacing up to 20% of typical Portland 
cement with DWTW on a dry mass basis and evaluated strength, hydration characteristics, and 
hydration products. The primary results from the study are: 
 Although calcium carbonate is a polymorph, DWTW is composed solely of highly stable 
calcite crystal conglomerates which possess surface area 10 times greater than Portland cement.  
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 At 5% replacement for Portland cement mixtures had greater compressive strength than 
the control at ages beyond 1 day. Mixtures containing 10% replacement had similar compressive 
strength to the control with the 15% and 20% being weaker.  
 Semi-adiabatic calorimetry showed similar time to the maximum temperature for all 
mixtures indicating little set delay potential in the field. The maximum temperature decreased 
linearly with replacement rate.  
 Isothermal calorimetry showed a delay in hydration corresponding to replacement rate 
when DWTW was considered a cementitious material. When considered an inert filler, 
maximum heat generation was similar between all mixtures, although occurring later again 
corresponding with increased replacement rate. Cumulative hydration energy through 7 days was 
similar for all mixtures.  
 X-ray diffraction of the hydration paste at 7 days showed increased presence of calcite 
and calcium hydroxide but did not show monocarbonate or any other structure not present in the 
mixture containing only cement. This indicates that although chemically similar to ground 
limestone, DWTW contributes differently, and more beneficially to hydration.  
 DWTW provides additional cement efficiency through additional nucleation sites and the 
ability to provide IC water. Up to 10% replacement had no negative effect on strength or 
comparative degree of hydration. The reduced maximum heat of hydration without set delay or 
strength reduction suggests a variety of potential applications for mass concrete placement or 
other high cementitious mixtures.  
 DWTW used for cement replacement is a viable mechanism to immediately reduce the 
embodied CO2 footprint in concrete without negatively impacting other properties and a 
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beneficial way to upcycle this common waste. Additionally, reducing the landfill space required 
to store DWTW could substantially reduce the cost of drinking water treatment operations. 
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CHAPTER 6 
PERFORMANCE AND DURABILITY OF CONCRETE CONTAINING DRINKING WATER 
TREATMENT WASTE 
ABSTRACT:  
Drinking water treatment waste (DWTW) is a chemically participated calcite, 
which is a high purity residue resulting from lime softening. After dewatering the final material 
has a high moisture content and due to high energy cost for drying there is limited realized 
beneficial reuse. However with increasing research on blended limestone cements and internal 
curing for high performance concrete, DWTW is a candidate to act as limestone filler with 
internal curing properties. Previous research indicated mortar with DWTW as fine aggregate 
replacement decreased autogenous shrinkage and increased degree of hydration. Current work 
focused on studying how difference level of DWTW as cement replacement effect on concrete 
properties and cement hydration profiles. Concrete compressive strength were equivalent for 
control and 10% DWTW replacement. DWTW showed negative effect on concrete resistivity 
results but no effect for freeze thaw durability. All the DWTW replacement mortar prisms 
showed reduced autogenous shrinkage, reduction increased as replacement rate increased.  
6.1. Introduction 
Portland limestone cement (PLC) is commonly refers to interground limestone 
up to 15% by mass of cement, complying with ASTM C595 and AASHTO M240 [1, 2, 3]. PLC 
is widely studied by comparing variety performance with ASTM C150 ordinary Portland cement 
(OPC) for the past ten years both in laboratory and field conditions [4, 5, 6, 7, 9]. The results 
consistently show PLC performs equivalent to standard OPC, albeit with a substantial impact on 
reducing green gas emissions [1]. Previous studies have consistently found that PLC provides 
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equal mechanical performance as OPC [4, 6]. Durability such as sulfate resistance, alkali silica 
reactivity (ASR), chloride permeability, and freeze thaw resistance are similar to OPC systems 
and durability slightly improved with SCMs ternary blends [5, 7, 8].  
The practice of using PLC is relatively new when compared with the history 
of hydraulic and pozzolanic systems. Nearly 19% of total cement sold in Europe contained 
between 6% to 35% limestone in 2001 [10]. European standard EN197-1 offered three level of 
limestone dosage. CEM1 may contain up to 5% limestone, CEM II/A-L may contain 6-20% 
ground limestone, CEM II/ B-L may allow 21-35% ground limestone [11]. CSA 3001 defines 
Portland limestone cement as containing limestone between 5 to 15% by mass [12]. 
6.1.1 Effect of interground limestone on cement 
Research found interground limestone cement provide equivalent mechanical 
properties is likely due to particle packing effect to reduce concrete water demand [1]. In 
addition, limestone can provide additional numerous nucleation sites with finer limestone 
particle have better ability to accelerate and amplify cement hydration [13].  A few researcher 
have found, calcium carbonate have minor participation in the cement hydration process with 
producing carboaluminate phase [14].  
6.1.2 Limestone filler effect on concrete 
Ready mixed concrete producers have been exploring the usage of quarry dust 
that passing No. 200 sieve as a mineral filler to bridge the sieve size between cement and fine 
aggregate [15].  ACI has recently published a guideline for proportioning ground limestone and 
other mineral fillers in concrete [16]. Aggregate mineral fillers (AMF) are defined as finely 
divided mineral products with at least 65% passing No. 200 sieve. ASTM has recently approved 
standard specification for ground calcium carbonate and aggregate mineral fillers for use in 
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hydraulic cement concrete [17]. Both documents group aggregate mineral filler into two 
classifications; ground calcium carbonate as Type A or B, depends on the total calcium 
carbonate content and other difference on chemical and particle size distribution, dust of fracture 
as Type C which has no requirement on chemical content other than Methylene blue value and 
total organic content, Type C focuses on particle size distribution [16, 17]. All Type A, B and C 
has moisture content limit less than 1%.  
6.1.3 Internal curing  
High performance concrete (HPC) has increasingly used ever since it has been 
invented due to the excellent mechanical properties, low permeability and long durability [18]. 
With the addition of superplasticizer, HPC mixtures are workable with low w/cm ratio and high 
cementitious content. However, high performance concrete prone to early age cracking due to 
the effect of self-desiccation and consequently autogenous shrinkage [19, 20]. Internal curing 
(IC) method was developed by introducing addition water that is not the part of original mixing 
water and can be distributed uniformly throughout the system in order to reach unhydrated 
cement [21, 22]. Internal curing agent can store water as physically absorbed form such as 
superabsorbent polymer (SAPs) or can reserve water as physically hold water such as pre-wetted 
light weight aggregate [23]. Drinking water treatment waste (DWTW) was previously evaluated 
as an alternative IC agent comparing with SAPs and pre-wetted lightweight fine aggregate in 
cement mortar [24]. 
6.1.4 Drinking water treatment waste 
A majority of the US population uses surface waters as a drinking water 
source. Surface water treatment produces large amounts of waste sludge from flocculation and 
filtration processes. The average American uses 80-100 gallons (0.3-0.37 m3) of treated water 
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each day and water treatment processes result in about 4% sludge generation as a total of water 
treated [24]. Settled sludge particles are dewatered into a semi-dry cake (~50% solids) before 
disposal and in 2010, the U.S. produced 7 million metric tons of lime sludge from drinking water 
treatment (on a dry solid basis) [24]. 
6.1.5 Motivation 
The motivation of current study is to verify whether DWTW perform similar 
as Portland limestone cement. The verification process includes how DWTW would effect on 
cement hydration process and how DWTW change concrete properties. The ultimate goal is to 
determine what percentage of DWTW replacement rate for cement provides similar properties as 
OPC. This could have great impact on further utilizing DWTW as construction materials.  
6.2. Experimental Program  
6.2.1 Materials  
Type I/II Portland cement conforming to ASTM C150 Type I/II was used 
throughout the study [25]. The OPC cement had a Blaine fineness of 373 m2/kg and a Bogue 
composition of 55% C3S, 17% C2S, 8% C3A, 10% C4AF. The DWTW used in the study was 
light grey in color and had the consistency of damp soil. The material had been dewatered to the 
as-tested condition and landfilled. The as-received moisture content was 55% on a dry weight 
basis and specific gravity was 2.41 tested with a helium pycnometer. Chemical composition 
using x-ray florescence (XRF) showed DWTW has high calcium content and low contents of 
silicon, magnesium and aluminum and fly ash composition also shown as in Table 6.1. X-ray 
diffraction (XRD) showed calcite, quartz were the main crystalline components and are shown in 
Fig. 6.1. Particle size distribution of OPC, class C fly ash and DWTW were shown as Fig 6.3.  
The BET surface area for DWTW is 9.3013 (m2/g), Type I cement is 0.8573 (m2/g) and for 
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Class C fly ash is 0.9540 (m2/g), were measured using nitrogen adsorption [26]. Coarse 
aggregate used in this study complies with ASTM C33 No. 57 stone with specific gravity of 
2.67. Fine aggregate meets ASTM C33 with fineness modulus of 2.6 and specific gravity of 2.61 
[27]. Type F polocarboxylate based high range water reducer admixtures meet ASTM C494 was 
used to achieve slump at 6.5 oz/cwt and vinsol resin based air entrainment meets ASTM C260 
was used to entrain air at 1.5oz/cwt [28, 29]. 
Table 6.1 Chemical Composition of DWTW and Class C Fly Ash 
 DWTW Class C FA 
Specific gravity 2.41 2.69 
Loss of ignition, % 42.59 0.08 
CaO, % 43.93 20.10 
SiO2, % 5.84 40.71 
MgO, % 4.24 4.82 
Al2O3, % 1.55 18.99 
Fe2O3, % 0.78 6.05 
SO3, % 0.31 0.83 
K2O, % 0.20 0.65 
P2O5, % 0.10 - 
*
Wt% < 0.1 are not listed                                                        
 
Figure 6.2 X-ray diffraction results  
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Figure 6.3 Particle size distribution of OPC, DWTW and Class C fly ash 
6.2.2 Mix design 
Concrete mix design is show as Table 6.2. DWTW replacement rates were 
10%, 15% and 20% of total cement factor for control mix R0. DWTW replacement rates were 
batched on the dry basis however at a moisture content of 55%. Slump was targeted at 8 inch (+-
0.5 inch) and air content was 6% (+- 1.5%).  
Table 6.2 Concrete Mix Design 
Unit: pcy  
Prewetted lightweight aggregate especially fine aggregate have been 
extensively studied for using as internal curing agent [21-24, 30-32]. A well-established equation 
for proportioning prewetted lightweight aggregate is shown as equation 1[31]. 
 
LWA
f
LWA
S
CSC
M



max
(1) 
Mix  
Designation w/cm Cement  
Dosage 
rate(%) 
DWTW  
Fly 
Ash 
CA 
 
FA 
 
Water 
 
Dry 
mass 
in situ  
mass 
R0 0.35 762 0 0 0 75 991 1693 293 
R10 0.35 686 10 69 106 75 991 1693 293 
R15 0.35 648 15 97 151 75 991 1693 293 
R20 0.35 610 20 122 189 75 991 1693 293 
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Where: Cf is the cement factor, CS is the chemical shrinkage of the cement that calculated based 
on Bogue composition, αmax is the expected degree of hydration, S is the degree of saturation of 
the aggregate, and LWA is the absorption of the lightweight aggregate. 
Although there is fundamental difference between prewetted lightweight 
aggregate and DWTW, both in physical forms and the mechanisms of holding the internal 
moisture, this study utilized the same equation to calculated possible internal water available 
from DWTW. Based on Equation 1 and concrete mix design, assuming DWTW has 100% 
saturation (S=1) and the moisture content is the absorption (LWA=0.55), the calculated possible 
internal curing water can be provided by DWTW is shown as Table 6.3.  
 
 
Table 6.3 Calculated for available IC water 
Unit: pcy  
6.2.3 Testing program  
Concrete mixing was conducted in accordance with ASTM C 192 [33].  
Slump, air content and unit weight were examined within 5 minutes after mixing following 
ASTM C143 and C138 [34, 35]. A set of 4 inch by 8 inch cylinders were cast for compressive 
strength and resistivity, with testing at age of 7, 28, 90 days. All cylinders were sealed cured at 
room temperature of 73°F until tested. A set of three 3 by 4 by 16 in concrete beams were cast 
and demolded after 1 day for freeze-thaw testing. All beams were cured in lime bath at 
temperature of 73°F for 56 days.  
Mix No. 
Cement 
factor  
absorption 
of DWTW 
Chemical 
shrinkage 
water need for 
 complete hydration  
possible water 
available from DWTW 
R0 762 0.55 0.0751 55.6 0 
R10 686 0.55 0.0751 50.1 37.7 
R15 648 0.55 0.0751 47.3 53.4 
R20 610 0.55 0.0751 44.5 67.1 
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Compressive strength was determined on average of three cylinders following 
ASTM C39 [36]. Concrete surface resistivity was determined on the average of three cylinders 
following AASHTO TP-95 [37]. Since the compressive strength samples were cured under 
sealed conditions the surface was relatively dry after demolding and required saturation to ensure 
proper surface resistivity measurements. Concrete was demolded and placed in lime water for 10 
min allowing proper surface moisture for reading. Probe spacing was set at 2 inches and a 1.1 
curing condition coefficient was applied to the final surface resistivity results. For testing the 
effectiveness of internal curing effect, autogenous shrinkage was tested generally following 
ASTM C596 [38]. A set of eight 1 inch by 1 inch by 11 ¼ inch prisms were cast and demolded at 
1 day except for the four prisms used for autogenous shrinkage measurement which were sealed 
with wax immediately after demolding. All autogenous shrinkage samples were weighed 
throughout testing to ensure complete sealing and that mass loss was not occurring. Mass loss for 
any specimen over the test duration was less than 0.1%. Concrete freeze-thaw resistance was 
tested according to ASTM C666A [39]. Specimens were tested for relative dynamic modulus 
(RDM) according to ASTM C215 every 30 cycles [40]. Freeze-thaw testing was completed when 
a sample reached 600 cycles or 60% RDM. 
Isothermal calorimetry was used to measure hydration profile every minute up 
to 7 days at 25°C. Cement mortar was thoroughly mixed before installed into each channel. The 
first 45 min initial heat of solution was not the interest of this study and was not calibrated into 
the signal [41].   
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6.3. Results and Discussion  
The fresh properties and shown in Table 6.4. Concrete was designed to have a 
high flow with slump targeted at 7 to 9 inches. It should be noted that R10 and R15 required 
twice the amount of water reducer as compared with R0 to achieve desired workability.  
Compressive strength results are shown in Figure 6.4 with the error bar as 
standard deviationStudents’ t test was used to analyze differences between control group R0 and 
the DWTW replacement samples. There was no statistically significant difference between R0 
and R10 up to 90 days. R15 had significantly lower strength at 28 days and beyond. For R20, 
there was average of 15% strength reduction from R0 at all ages.  
Table 6.4 Results of Concrete Fresh Properties  
 
 
 
 
In regardless of 10% cement reduction; the similar strength performance for 
R10 is possible due to better particle packing and the significant higher surface area DWTW 
provided for additional nucleation sites. R10 theoretically had around 75% internal curing water 
needed for complete internal curing. Internal curing combined with the additional nucleation 
sites and improved particle packing was able to compensate for the 10% cement reduction. For 
R15 and R20, even though there were 113% and 150% internal water available theoretically, 
there were not enough hydration products to compensate for strength reduction.  
Mix No. Slump (inch)  Air (%) Unit Weight (pcf) 
R0 8.0 6.5 141.2 
R10 9.0 7.0 139.6 
R15 8.5 7.0 140.2 
R20 9.0 6.0 139.0 
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Figure 6.4 Results for compressive strength (error bar: standard deviation) 
Concrete resistivity provides insight to the density of the microstructural 
development over time and the results are shown in Figure 6.5. It should be noted that the results 
are much lower than expected for the cement content and water-to-cement ratio used for this 
study. The low rating overall could be due to exhausting the available water during sealed curing 
instead of continuous lime bath cuing. Nevertheless, the replacement of DWTW showed a 
negative impact on concrete resistivity. This could due to DWTW particles did not disperse 
separately and uniformly as anticipated, or the additional degree of hydration did not compensate 
the hydration product would made by replaced amount cement. Further, petrographic thin section 
examination would confirm the cause. The trend is similar to results presented in Figure 4.5.   
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Figure 6.5 Results for Concrete Resistivity (error bar: standard deviation) 
The heat of hydration profiles determined from isothermal calorimetry are 
shown in Figure 6. Isothermal calorimetry is a quantitative measure of cement/cementitious 
hydration kinetics. The heat of hydration was plotted into two categories. Figure 6.5 (a) heat 
generation is calculated on a total dry powder which includes both the cement and DWTW. In 
Figure 6.5(b) only the mass of cement was utilized to normalize the heat generated solely from 
cement particles. From Figure 6.5 (a), the main hydration peaks not only shifted 3 hours later, 
but also the intensity of the peaks decreased with DWTW replacement rate increase. From 
Figure 6.5 (b), the delayed main peaks occurred again, however, there is no significant decrease 
on the intensity of the main peaks among the R5 to R20, and there were no sign of dilution 
effects. This indicates during the first 24 hours, the incorporation of DWTW consistently 
encouraged overall cement hydration.  
The accumulated total heat of hydration up to 7 days is plotted as Figure 6.7. 
The early ages of 1 to 3 days showed total heat of hydration decreased with DWTW replacement 
rate increased. At 7 days R10 and R15 had similar total heat generation to R0 with a generation 
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slope suggesting that systems would have higher ultimate degree of hydration when DWTW is 
present.  
 
Figure 6.6 (a) heat of hydration (w/g total powder); (b) effective heat of hydration (w/g 
cement) 
 
Figure 6.7 Total Heat of Hydration over Time   
Internal curing has many benefits such as increased degree of hydration and 
decreased autogenous shrinkage. This study tested unrestrained autogenous shrinkage and the 
results are shown in Figure 6.8. Although for R20, theoretically there was 1.5 times the internal 
curing water available in DWTW then suggested optimal and to compensate for chemical 
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shrinkage, the total autogenous shrinkage decreased with dosage rate. R20 had the least 
autogenous shrinkage at 28 days.   
 
Figure 6.8 Results for Autogenous Shrinkage (error bar: standard deviation) 
The relatively low strength of DWTW particles combined with the high 
moisture content potentially could cause an effect on concrete freeze-thaw resistance. Freeze-
thaw durability testing was performed using the rapid and fully-saturated version of ASTM C666 
“A.” Typically the test terminates at 300 cycles, however the Kansas department of 
transportation (DOT) has recently determined that extending the test until 600 cycles is valid 
[42]. Results are shown in Figure 9. As clearly seen in Figure 6.9, all mixtures had good 
performance at 300 cycles however performance deteriorated shortly afterwards. All DWTW 
replacement groups had similar or slightly better freeze-thaw resistance compared to control R0. 
All samples had sufficient air content and with a good air void system, there is no indication 
DWTW replacement would have a negative effect on concrete freeze thaw resistance in the fiel. 
R15 and R20 showed substantially better performance over 600 freeze thaw cycles, which may 
indicate the type of porous structure DWTW provides after releasing the hydration water acts as 
freezing expansion relief space.   
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Figure 6.9 Results for Concrete Freeze-Thaw Resistance (error bar: standard deviation) 
6.4. Conclusion 
Portland limestone cement is an alternative to ASTM C150 ordinary Portland 
cement to provide a sustainable future for cement based material. This study on incorporated 
drinking water treatment waste as mineral filler in a high cement content concrete mixture 
containing fly ash. Results from the study showed: 
 Drinking water treatment waste is a form of participated calcite, with physically and 
chemically absorbed moisture. Drinking water treatment waste has high calcium 
carbonate content and the particle size is finer than cement which fits the 
characteristic of interground limestone in PLC, and exceeds the requirement for 
mineral filler. 
  Drinking water treatment waste can provide similar strength at 10% replacement rate.  
 Drinking water treatment waste showed negative impact on concrete surface 
resistivity.  
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 Drinking water treatment waste showed improved the cement hydration effectiveness 
during the first 24 hr and similar over 7 days.  
 Drinking water treatment waste provided autogenous shrinkage mitigation for all 
investigated dosage rates.  
 Drinking water treatment waste had no negative effect on concrete freeze thaw 
resistance and actually improved performance  
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CHAPTER 7 
CONCLUSION AND FUTURE RESEARCH 
7.1 Conclusion 
In this thesis, a comprehensive characterization has been performed on 
drinking water treatment waste. DWTW is a benign material with high purity of calcium 
carbonate content. DWTW is a by-product of lime softening process; the formation of DWTW 
flocs in water, combined with minimal dewatering, results in a material with naturally high in-
place moisture content. DWTW flocs individually have a porous microstructure with flocs 
particle sizes ranging from 10 to 100 mm. The material is available in large quantities with high 
purity, however the presence of rather tightly bound water prevent widespread beneficiation.  
In the study of comparing DWTW with other internal curing agent in cement 
mortar, DWTW provided an increased degree of hydration (DOH) over the control mortar. The 
improvement on DOH of DWTW was comparable to the two other internal curing agents 
investigated under a range of curing humidities and ages. Two other internal curing agents were 
prewetted lightweight aggregate and superabsorbent polymer. Mortar containing DWTW showed 
a 25% reduction in autogenous shrinkage versus the control group at 28 days. Shrinkage 
reduction was similar to mortar containing pre-wetted lightweight fine aggregate.    
In the study with different dosage of DWTW as internal curing agent in 
concrete, mixture proportions were calculated treating DWTW as prewetted lightweight 
aggregate for and internal curing agent. Half of optimum, optimum, one and half optimum were 
used to assess the mechanical properties, permeability and early age cracking tendency for high 
performance concrete mix. The half of optimum dosage of DWTW performed similar to control 
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group in mechanical and permeability properties; outperform the rest of groups on mitigating 
concrete early age cracking tendency.  
In the study with replacement cement with DWTW, illustrated up to 5% 
replacement of cement, there were a significant increase on mechanical properties; up to 10% 
replacement of cement, there were similar mechanical properties; over 15%, there were 
detrimental effect on strength. For concrete resistivity, the DWTW have a negative effect and 
decreased with increased replacement rate. All the mortar bars with DWTW replacement showed 
decreased autogenous shrinkage. This due to total cement content have been reduced which 
leaded to overall chemical shrinkage reduced and also due to the internal curing effect. On the 
effect of cement hydration, DWTW reduced the overall heat output, delayed the setting time, and 
increased the effectiveness of cement hydration by introducing additional nucleation site and 
additional moisture.  
7.2 Recommendation 
In order for cement and concrete industry to utilize all the information 
obtained from this study, a few practical recommendations about drinking water treatment waste 
are worth mentioning: 
 Drinking water treatment waste as fine aggregate replacement, concrete batching 
sequence maybe require to modify to eliminate the impact on fresh properties and uniform 
distribution of the particles.  
 There is currently no standard available to follow. However, when utilizing drinking 
water treatment waste as cement replacement or mineral filler, ASTM C1797 is similar to follow 
except the moisture content will need to be taken into account.  
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 Since DWTW has been deposit as landfill, some contamination with soil during 
transportation may occur. While the material used in this study was obtained a great distance 
from the soil, a bottom film in lagoon and storage could be installed for separation.  
7.3 Future Research 
The future research on better understanding drinking water treatment waste as 
a possible ingredient in concrete is shown as following: 
 The desorption profile of DWTW from 100% to 55%, from 55% to less than 5% must be 
assessed. Desorption profile should be able to give a better indication on what is the mechanism 
for moisture to attached to DWTW particles. This would further assist with developing 
proportion rate.  
 The distribution profile of DWTW in hydrated cement paste need to be studied. This 
would give a better understand the internal curing protected zone. Also the transition zone would 
provide information on how DWTW effect on concrete resistivity.  
 The compatibility of DWTW with common chemical admixture would be valuable 
information for industry such as ready mix concrete. Whether DWTW would effect on water 
reducer dosage, air entrainment admixture dosage.  
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